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Abstract

A mechanistic insight into the hetero- and homodimerizations (HETD and HOMD) of styrenes promoted by
hypervalent iodine reagents (HVIRs; DMP and PIDA) and facilitated by HFIP to yield all trans cyclobutanes
is reported using density functional theory (DFT) calculations. The initialization involving direct bimolecular
one-electron transfer is found to be highly unfavored, especially for the PIDA system. At this point, we suggest
that the reaction is initiated with an overall two-electron reductive cleavage of two I—O bond cleavages,
affording I(111) (iodinane) and I(l) (iodobenzene) product with DMP and PIDA as oxidant, respectively. The
resulting acetate groups are stabilized by the solvent HFIP through strong hydrogen bonding interaction, which
promotes the electron transfer process. The nature of the electron transfer is studied in detail and found that the
overall two-electron transfer occurs within tri-molecular complex organized by z-stacking interactions and as a
stepwise and concerted mechanism for I(111) and I(V) oxidants, respectively. The reaction rate is determined by
the initialization step: for I(l1l), the initiation is thermodynamically endergonic, whereas the endergonicity for
1(V) is modest. Upon initialization, the reaction proceeds through a stepwise [2+2] pathway, involving a radical-
cationic 77 stacked intermediate, either hetero- or homodimerized. DFT results supported by quasiclassical
molecular dynamics simulations show that HOMD is dynamically competing pathway to HETD although the

latter is relatively faster, in accordance with experimental observations.
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Introduction

Stereoselective approaches to substituted cyclobutanes have been captivated by organic chemists to be of high
interest despite of its challenging requirements.™ ? Due to the fact that these cyclobutane rings exist in many
bioactive natural products (Figure 1-a),*® the need for such efficient, reliable, and benign synthesis methods is
still under developing strategies to get a purely chiral strained carbocycle. Regardless the many different
synthetic methodologies appeared in literatures to access cyclobutanes,®** the olefin dimerization via oxidative
manners, which involves an active radical cation intermediate formation, represents a helpful and promising
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tactic to reach. The olefin dimerization was firstly reported by Ledwit and Bauld,***¢. In this regard, metal
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complexes'’ and organic photoredox catalysis have been applied to promote such a nice cyclization.
Recently, a major contribution to this field has been exploited by using catalytic amounts of HVIR 2°*°in HFIP
to investigate a stereoselective functionalization of alkenes.*** The HFIP has been shown to be a unique solvent
due its significant role of hydrogen bonding % that enables the HVIR to act as single electron oxidants.®°
Based on the utility of the HVIR/HFIP, Donohoe and co-workers have developed a diastereoselective [2+2]
cycloaddition of alkenes with remarkable results (Figure 1-b).*"*2 The mechanism proposed involves a SEO of
styrene 1 to a radical cation 1" by HVIR followed by either HOMD, where dimerization proceeds with another
molecule of styrene 1 in the presence of I(11l) phenyliodine diacetate (PIDA), or HETD, where dimerization
proceeds with a different alkene 2 in the presence of I(\V) Dess-Martin periodinane (DMP), to give the all trans

cyclobutane product 3 after the re-addition of an electron to the product. The presence of a p-methoxy group

plays an important role in the success of a styrene toward dimerization.
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Figure 1. a) Examples of bioactive natural products containing cyclobutane ring. b) HOMD or HETD of

styrenes mediated with PIDA or DMP, respectively .

The existence of hydrogen bonding interactions between the HFIP and PIDA has been proposed to be essential
and the physical origin of the enhanced oxidative strength for the iodine reagent.*® In addition to the almost
disappearance of HO signals from NMR experiments, the voltammetric peak potential experiments measured
versus Fc/Fc* demonstrated a shift in reduction potentials for PIDA (Eycin ACN = -1.32 V, Eycin HFIP =
—0.47 V). The possibility of ligand exchange between HFIP and PIDA has been excluded and any altered
reactivity to the oxidants is ruled out as the HFIP is a low nucleophilic solvent.****” All of the above-mentioned
study concerns the first step of the reaction, the SEO step, and seems to us in need for further understandings
despite the subsequent steps that lead to the all trans cyclobutane ring are not considered, at least to the best of
our knowledge, by other workers under these conditions.? “¢°° An important question that should be raised is
the number of electrons to be transferred to the iodine reagent to initiate the reaction. At this point, the reaction
mechanism and reactivity of HVIR-mediate dimerization exclusively appears incomplete and warrants further

attentions (Figure 2). Therefore, we herein interpret DFT simulations on the HOMD and HETD that gives all



trans cyclobutane under HVIRs with PIDA and DMP, respectively, featuring (1) the nature of initiation whether
one or two electron reduction with considerations involved the effect of HFIP on reactivity of this protocol, and
(2) realizing the dynamical nature of homo- and heterodimerization via quasiclassical trajectory molecular

dynamics (QCTMD) simulations.*
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Figure 2. General representation of the HVIR [2+2] cycloaddition considered in this study, where iodine

reagents are hydrogen bonded to HFIP explicitly.

Results and Discussion
To explore our HVIR-mediated dimerization of styrenes, we have divided our discussions into five distinct
sections with the following order: validation of our strategy, mechanism of dimerization, molecular dynamics

of HOMD and HETD.

Validation of strategy and level of theory
The calculations were conducted in explicit and implicit HFIP. The explicit HFIP protocol means that every
single acetate groups in PIDA and DMP is hydrogen bonded to one HFIP molecule to match the experimental

conditions, whereas the implicit protocol is performed only with continuum solvation model based on density



(IEFPCM-SMD). All structures were initially calculated using the wB97XD/6-311+G(d,p)/LANL2DZ//6-
31G(d)/LANL2DZ level of theory, however we found inconsistencies with the experimental results because of
Fe and | atoms. Therefore, we carried out a basis set search on Fe and | atoms through running single point
energy calculations on optimized structure by 6-31G(d)/LANL2DZ through comparison between measured and
calculated voltammetric peak potentials for redox species of different substituted trans-f-methylstyrenes toward
PIDA (Figure 10, see below). For Fc/Fc*, as shown in S, the cyclopentadienyl group in Fc was tested with a
basis set of triple-  quality (6-31G(d,p)) to be consistent with the valence basis sets used for iron. We found
that Def2-TZVPP/6-31G(d,p) level of theory gives the best agreement with the experimental redox potential
values of different substituted trans-g-methylstyrenes using CpzFe (calculated EY2 = 4.84 V) as reference to
calculate their redox potentials (see Figure 10). For iodine in PIDA, it was found that the basis set Def2-TZVPP
for iodine and 6-311+G(d,p) for C, H, and O atoms gave the best agreement with experimental redox potentials
(see SI). Importantly, and under explicit protocol, the calculated value for PIDAurip + € — PIDA wrip is EY2
= 4.25 V of peak potential for PIDAurip is Epc=—0.59 V versus calculated peak potential Fc/Fc* (EY2 = 4.84
V) as a reference, leading to a good agreement with the measured peak potential for PIDA is E,c=—0.47 V.
Under implicit protocol, the calculated value of non-hydrogen-bonded PIDA is E¥2= 4.02 V of peak potential
Epc= —0.82 V versus Fc/Fc*™ with a shifting to more negative value of 230 mV less favorable than explicit
PIDA&rr. Using this strategy, a good agreement between the measured and calculated peak potential have been
achieved as shown in Figure 10. Therefore, the wB97XD/def2-TZVPP/6-311+G(d) level of theory is used for
oxidants whereas the wB97XD/def2-TZVPP/6-31G(d,p) level of theory is utilized for CpzFe in order to
calculate the redox potentials. Comparison between calculated and measured redox potentials of different
substituted trans-g-methylstyrenes 4a — 4Kk is indicated in Figure 3. Our strategic DFT simulations present a
very good agreement with the experimental redox potentials and free energy of reoxidation accordingly. The
explicit-involved HFIP calculations are consistent with experimental results than inexplicit calculations (for
comparison see Sl). The calculated results appeared in Figure 3-b indicate a deviation from experimental values
of around 0.12 eV which is in agreement with the mean absolute error in ionization energy (2.74 kcal mol™)

reported for wB97XD.*



a) b)

Measured Calculated

= 1.4 OME
% 4] /@/f Subs. AE,, AG°® |AE,, AG®
3
ur 4a  -131 302 |-120 277
7} Me’
212 it
= Me ' “4h 4b  -110 254 |-0.88 203
3 e 4g O 4c -119 274 |[-1.07 247
N, -
ﬁ ’-.g"- aF ° 4g
g ! MeO™ ™ ad 4h . o Ve 4d  -131 302 [-117 270
T Me de |
g OMe | 4dy - d4e  -149 344 |-137 316
% 0‘ 4a MeO
2 o8 4 4f  -154 355 |-149 344
MeO . Me
4b OMe | _ _
i * ac e @j 4g 149 344 |-155 357
06 o« e | Voo de 4h  -150 346 |-1.34 309
: OMEI .
/©j MO Evessusa= 0.8688Ecucuues® 02454 | 41 152 351 |-1.35 311
MeO 4c R? = 0.9085 4 -178 410 |-160 36.9
0.4
0.2 0.4 0.6 0.8 1 1.2 1.4 4k -184 424 |-172 397

Calculate peak potentials (E¢acyiated)

Figure 3. (a) Agreement between measured and calculated voltammetric peak potentials (in V) for redox species
of different substituted trans-g-methylstyrenes 4a — 4k. (b) Differences in the reduction and oxidation peak
potentials (in V) and their Gibbs free energies (in kcal mol™) for styrenes 4a — 4k. Styrenes 4g — 4k did not
undergo PIDA [2+2] cycloaddition. The measured results were obtained versus Fc/Fc*, as measured at 100 mV
s1.*® The calculated Fc/Fc*is E*?= 4.84 V in HFIP. The calculated value for PIDAxgir + € — PIDA weip is
EY2=4.25 V. Measured peak potential for PIDA is E,c = —0.47 V. Th calculated peak potential for PIDAwrip

Epvc = _059 V

Mechanism of dimerization

General Considerations. Our DFT investigations with the exploration of the HETD and HOMD facilitated by
DMP and PIDA, respectively, are considered. Firstly, the cyclobutane ring formation is investigated based on
the SEO and single electron reduction (SER). When the SEO and SER are initiated and terminated, respectively,
through only HVIR to get cyclobutane ring formed, this is a catalytic mechanism. The more plausible scenario
is that the HVIR only initiates the reaction to get the styrene molecule radicalized by SEO and propagation of
the reaction proceeds without HVIR and this is an initiated or propagated mechanism as the HVIR serves as an

initiator. Secondly, to account better knowledge about the height barrier of SEO, free energy of activation for



the SEO was calculated using four-point method proposed by Nelsen (see SI).>**° We are convinced that this
method result in a reasonable estimation of the electron transfer (ET) activation barrier. Thirdly, it has been
reported that HFIP plays a critical role with oxidizing agent rather than with the radical cation formed.** The
effect of explicit hydrogen bonding in our calculations is considered only on the SEO steps, whereas the
cyclization steps are proceeded with an implicit HFIP protocol.

HETD pathway. The DFT results of HETD in the presence 1(V) DMP with and without explicit HFIP
molecules have been exploited (for comparison between explicit and implicit HFIP see Sl). Initially, the iodine
catalyst undergoes either one-electron reduction to give I(IV) or two-electron reduction to give I(l11), namely
iodinane. Both pathways are investigated and shown in Figure 4. On one hand, when the initiation proceeds
with a one-electron process, single electron transfer from one styrene to I(V), the free energy of activation for
SEO for the FRS was found to be 20.2 kcal mol™ to give radical cation 4" and radical anion DMP e as an
endergonic step (AG, = 13.8 kcal mol™) (Figure 4). In absence of explicit HIFP the barrier for SEO increased
to 25.4 kcal mol ™ as a more endergonic process (AG: = 21.8 kcal mol™) (See SI). An apparent increased in the
I-0 bond distances, clearly represented for the perpendicular acetate units to the phenyl iodine. After the ET,
the I-O bond distances elongate from 2.08 and 2.15 A to 2.63 A and 2.99 A when HFIP are not involved in
calculations explicitly (see DMP and DMP- in Figure S3). Elongation is slightly less when HFIP is involved
explicitly, where I-O bond length is 2.12 A is before the SEO and 2.55 A and 2.77 A are after the SEO (see
DMPueir and DMP weie in Figure 4). On the other hand, a lower and more favored energetic pathway was
found when a two-electron reduction process is involved, accompanying by two I—O bond cleavages, occurring
through two SEOs from two styrenes give iodinane I(111) and two acetate groups stabilized by strong hydrogen
bonding interactions (see Iodinane * 2AcO™ 1 in Figure 4). This pathway is lower than one-electron pathway
by more than 7.0 kcal mol™. Here, addition of two electrons from two styrenes found to need only 5.4 kcal
mol* as a free energy of reduction. Similarly, the change in oxidation state I(V)—I(III) has been reported for
oxidation of alcohols to give iodinane and two acetic acid molecules.**®® A good support to the two-electron
reduction comes from the favorable formation of tri-molecular complex between two styrene molecules and
iodine reagent (see below).

All trails to find a concerted [2+2] cycloaddition TS for the cation cyclobutane formation 6" are unsuccessful

and, therefore, a two-step mechanism have been taken through the stepwise cycloaddition. For the first C-C



bond formation, the head-to-head first C-C bond formation was found to have a barrier of 8.3 kcal mol™ via
TS 8" with bond length of 2.20 A along the TS is established, giving uncyclized intermediate 9" with C—C bond
being formed at 1.58 A as a thermoneutral step of 0.1 kcal mol™ (Figure 3).° The TS 8" shows a - stacking
interaction of 3.6 A. A higher barrier TS of 13.1 kcal mol™* was found without r-r stacking (see Figure S2). It
seems that the favorable n-n stacking plays an important role in controlling the configurations of the product to
be all trans cyclobutane. The presence of non-covalent interaction, n-w stacking, for TS 8" and intermediate 9*
is shown by Reduced Density Gradient (RDG) analysis (see Figure S6).%° Attractive n-r interaction is clearly
seen in the green areas between the two phenyl rings. The nature of interaction between 4" and 5 through TS 8"
has a radical character due to SOMO-HOMO overlapping. The SOMO orbitals located on radical styrene 4" is
overlapped with the HOMOs of 5 with an energy gap if 4.03 eV (see Figure S11). The radical cation intermediate
9" cyclizes to the cationic cyclobutane 6* in a low barrier step of AG* = 7.1 kcal mol* with a long C—C bond
of 2.74 A along TS 10" but in a slightly exergonic step (AG, = —2.1 kcal mol ™). Noticeably, the new C-C bond
formed in cyclobutane 6" is 1.64 A whereas all other C-C bonds in the ring are 1.54 A, and this is attributed to
radical character as indicated by the partial delocalization shown by spin density and B-LUMO contours (see
Figure S13). To release the cyclobutane 6, the radical cation 6" undergoes SER by or another styrene to
propagate the reaction. The oxidation of styrene 4 by 6" is nearly to be barrierless of 1.1 kcal mol™ as an

exergonic step (AG; = —6.6 kcal mol™?) (Figure 4).
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Figure 4. Free energy profile for the mechanism of DMP-mediated heterodimerization of styrenes (4) and (5)

to yield cyclobutane 6 under one-electron reduction (blue pathway) and two-electron reduction (black pathway)
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HOMD pathway. Following the same strategy for HETD, the HOMD mechanism in the presence I(111) PIDA
is investigated and shown in Figure 5. Under single electron reductive initiation, the barrier of SEO, the FRS,
was found to be 31.3 kcal mol™ to give radical cation 4" and anion PIDA wrie as an endergonic step (AG =
28.1 kcal mol ™). The SEO for HOMD is more endergonic than for the HETD. The calculated endergonicity for
initiation by PIDAwri is in excellent agreement with that measured for trans anethol 14 (see Figure 3).*

Following the SEO step the bond length of the acetate group to iodine, namely I-O bonds, increases from 2.15



A to around 2.58 A for the non-hydrogen bonded PIDA (Figure S4) and to longer distances of 2.66 A and 2.78
A for the hydrogen-bonded one PIDAurp (Figure 5) for the reason mentioned above for SEO by DMPygip.
However, when a reductive cleavage process, two-electron reduction, iodobenzene and two acetate groups
stabilized by HFIP (Iodobenzene * 2AcO wrip) as well as two cationic styrenes are produced in a less
endergonicity step of 21.4 kcal mol™. Comparison of one and two electron process initiations, the impact is
substantially effective for PIDA-HOMD protocol in comparison to DMP-HETD protocol. The synthetic utility
with PIDA/HFIP is considered to be mild conditions and the one-electron reduction would be highly unlikely
and, therefore, two-electron process is required to initiate the radically-cationic [2+2] cycloaddition reaction.
Reported literatures have shown that I(111), PIDA, undergoes a reductive cleavage of their 1-O bonds under to
yield the corresponding I(I), namely iodobenzene.®* This has been also reported for oxidative of alcohols.**

The process for 4'—12" has a reasonable barrier of 9.5 kcal mol™ via n-n stacked head-to-head TS 11" with
bond length of 2.16 A to give the cationic uncyclized intermediate 12" as an endergonic step of 4.3 kcal mol ™
(Figure 5).%° The favorable n-n stacking interaction between the two phenyl rings is shown in Figure S6. A
higher barrier TS of 12.9 kcal mol™ was found for the first C-C bond formation when aromatic rings are not
stacked (Figure S2). Likely to TS 8%, TS 11" has a radical character with an energy gap of 4.86 eV (Figure S12)
which is higher than for the HETD (4" and 5). The first C—C bond formation in 12" is longer than for that found
for the uncyclized heterodimerized intermediate 9*. The cyclization, TRS, is a low barrier step of 4.3 kcal mol
through TS 13" with C—C bond at 2.16 A is seen to give the cationic homodimerized cyclobutane 7* as an
exergonic step (12°—7, AG, = —5.3 kcal mol*, Figure 5). Upon formation of 7, the unpaired electron has
totally delocalized over the entire system of 7" (see Figure S13) and resulted in an increase in the new C—C bond
to be 1.71 A, being longer than for 6*. The release of neutral homodimerized cyclobutane 7 via propagation
process (Figure 5) is calculated to be kinetically and thermodynamically favored. The oxidation of styrene 4 by
7" is found to be nearly barrierless of 1.5 kcal mol™ as an exergonic step (AGr = —6.3 kcal mol ) in order to

propagate the reaction.
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Validity of two-electron oxidation mechanism. More detailed investigation on the overall two-electron
oxidation was conducted, due to its key role in the initialization step as well as its uyncommon and unexplored
nature in solution. The main aim of this section is to clarify two questions: (1) how could the seemingly
entropically unfavored 2e-transfer be possible? and (2) is the overall 2e-transfer concerted or stepwise? It is
found that (1) the overall 2e-transfer is enabled by the thermodynamically favored formation of a tri-molecular
complex organized by pi-stacking; (2) PIDA and DMP follow different reaction pathway for the overall 2e-
transfer. The first concern about the 2e-transfer is that it demands the formation of a tri-molecular complex,
which is uncommon and entropically unfavored at the first glance. However, the trimer formation is shown to
be rather favorable (Figure 6). The Gibbs free energy for the trimer was determined to be +0.4 and —3.6 kcal
mol*for PIDAkrr and DMPwrip respectively, taken discrete molecules as zero. In both complexes, the two 4
molecules parallel the phenyl ring plane of the electron-deficient HVIR with their electron-rich n-system. The
n-stacking interactions are believed to provide stabilization to the trimer complexes, which is further depicted
by the RDG analysis. The preorganization in the trimer complexes is believed to promote further electron

transfer.

The favorable formation of trimer complex encouraged us to further examine the 2e-transfer process, especially
its concertedness. Huge efforts were paid to locate transition states, especially for elementary steps involving
potential concerted acetate dissociation-electron transfer process. Unfortunately, it was proven rather difficult.
Instead, the energetics of several related intermediates were examined. These intermediates were obtained by
plenty of geometry optimization calculations with various initial geometries, in a broken-symmetry self-
consistent field (BS-SCF) manner. While the trimer complex without electron transfer is in its close-shell state,
the le-transfer (1ET) and 2e-transfer (2ET) product should exhibit an open-shell singlet (or triplet) state and
can be distinguished from their spin density distribution. By studying their geometry and energetics, one can

obtain some insight into the nature and process of the overall 2e-transfer.



trimer_PIDAgp trimer_DMPygp f—

-1
+0.4 kcal mol -3.6 kcal mol™!
[ y
o G 4
& o s - Y o
i ,
11 :"—Sr"m ? @
d {/ "0 o ;“: ”
S I o
I 79 o
% M /'///—u A 2 o 2
) ) A $ Js
> ) pﬂ - )
/ "”

Figure 6. The geometry (up) and the RDG isosurface (down) for the trimolecular complexes formed by two
molecules of 4 with PIDAxrir and DMPweip respectively. The Gibbs free energies of the two trimers with

discrete molecules as zero point.

Figure 7 show the geometries and spin density of the possible intermediates for the overall 2e-transfer between
DMPyeir and 4. No open-shell singlet states were found nearby the trimer_DMPugip geometry, and thus it is
believed that the electron transfer is accompanied by the dissociation of one acetate ligand. It is clear from the
I-O distance that the equatorial acetate group binds more weakly with the iodine center than its axial analogues.
Indeed, on the contrary to the axial acetate cleavage which is 34.1 kcal mol endergonic, the dissociation of the
equatorial acetate is slightly exothermic by —2.8 kcal mol™, and directly affords an open-shell singlet product
(DMPygip_2ET), sharing a very similar geometry with trimer_DMPygp. The high similarity of geometry is in
agreement with a concerted 2e-transfer. The spin density isosurface clearly shows that both of the two 4 subunits
are single-electron oxidized, indicating that the 2e-transfer event has been accomplished for DMPugip_ 2ET. On
the other hand, the le-transfer intermediate, DMPpgrip_1ET, is much higher in energy (17.5 kcal mol™) and
bears large geometrical reorganization compared to trimer_DMPygip. Overall, the present results strongly

agree with a concerted 2e-transfer accompanied by the dissociation of one equatorial acetate ligand for DMPyie,



without the involvement of DMPweie_1ET. After the electron transfer process, the remaining acetate group, as
well as the two 4+ cations, is expected to dissociate and diffuse into the solution, affording the iodinane

intermediate as indicated in Figure 4.
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Figure 7. The geometries and spin density isosurfaces (with isovalue of 0.01) of the possible intermediates for
the overall 2e-transfer between DMPwrip and 4. Energies for the triplet state are shown in brackets. Bond lengths

are in A.

The situation is different for the trimer formed by PIDAwrir and 4 (Figure 8). On the contrary of DMPygp, the
2e-transfer product, PIDAnrr_2ET, has a significantly different geometry from trimer_PIDAgrip. For this
complex, the two 4" subunits are linked by the two acetate anions through electrostatically favored CH-O
hydrogen bonding, and the Phl fragment is excluded from its original position. In addition, the two 4 subunits
need to rotate to reach its position in PIDAnrir 2ET from trimer_PIDAneir. No electron-transferred states
were found nearby the trimer_PIDAwnrr geometry. The huge geometrical changes suggest that the overall 2e-
transfer could not happen in one elementary step. The dissociation of the acetate ligand was also examined, but
no 2e-transfer product could be located, further precluding the involvement of a DMP-like concerted 1-O

dissociation-2e-transfer process. As a result, we suggest the following stepwise process. The trimer_PIDAurip



firstly undergoes a rapid reorganization to another conformer, trimer_PIDAurr_Conf2, which is also close-
shell in nature. The latter undergoes an intramolecular le-transfer to afford the PIDAwrir_1ET complex with
minor geometry reorganization, for which the spin density is distributed over the AcO-1-OAc substructure. Upon
the further elongation of the two I-OAc bonds, the second electron transfer happens between the O-1-O structure

and the remaining unoxidized 4 subunit, finally affording the PIDAnrir_2ET product.

\ r\
,si\ﬁ*’ ) "
1 ~ -

\ /" 2.09'(’.' i
~ . i Vog [ W o 5¢

> i = 2.80,
¥ A\ 1 Teops ;}_,_

S ﬁ\’" 2.09

trimer_PIDA PIDA_1ET PIDA_2ET
0.0 (close shell) kcal mol™ 24.3 (24.4) kcal mol 15.4 (14.5) kcal mol™

( ;{ | l@}-@/‘\
&4 '3“ u;)/
‘(-t 9.5 (@ (3]
& T
295584

trimer_PIDA_Conf2
6.5 (close shell) kcal mol~*

Figure 8. The geometries and spin density isosurfaces (with isovalue of 0.01) of the possible intermediates for
the overall 2e-transfer between PIDAwrr and 4. Energies for the triplet state are shown in brackets. Bond

lengths are in A.

In a summary, the seemingly similar overall 2e-transfer reactions involving PIDAnrr and DMPpgp are
different in nature. Although both of them are initialized by the energetically-favored trimer formation, the

electron transfer is concerted for DMPueip and stepwise for PIDAWgp, as suggested by our results.

Molecular dynamics of HETD and HOMD
In general, the initiative SEO step from styrene 4 is shown to be more reactive with DMP catalyst since the

SEO occurs with the more deficient catalyst 1(V) (LUMO = -1.56 eV) over less deficient one I(11l) (LUMO =



-0.73 eV) (see Figure S14), apparently indicating that the initiation in HETD is faster than HOMD under DMP
conditions. However, and from a synthetically perspective point of view, there is a relative competition between
both processes which is experimentally seen (see supporting information for ref 41).* The calculations indicate
that once the radical cation 4" is formed, entering homo [2+2] cycloaddition is relatively possible. The results
above (Figure 4 and 5) reveal that the HOMD starts with a barrier of 9.5 kcal mol™ via TS 11" whereas HETD
starts with lower barriers of 8.3 kcal mol™* via TS 8", implying a barrier difference of AAG* = 1.2 kcal mol ™.
This refers to that the HETD is comparingly predominant. This is in general good agreement with the
experimental findings, in which the HETD reaction proceeds an equivalent ratio of styrenes 5 to 4 of 2:1. A
further evidence for the competition between HOMD and HETD is emerged form QCT molecular dynamics of
the first C—C bond formation (shown below).

Quasiclassical trajectory molecular dynamics (QCTMD) simulations were utilized to understand the
chronological character for formation of first C-C bonds in the HETD and HOMD (Figure 7).6®® The QCTMD
simulations were carried out using the PROGDYN program, ® a script suite that works in combination with
Gaussian 09. 44 and 63 trajectories were generated starting from the TSs 8" and 117, respectively, in which
forward and backward propagations (t = 0 fs) are initiated showing the typical reactive bonds toward either
cationic uncyclized intermediates (9" and 12%) or reactants (styrene 4*, 4and 5). No recrossing is observed in
our simulation. The C3—C4 distance is rapidly shortened to ~1.6 A in most trajectories, and the bond remains
in the whole trajectory once formed although for a small proportion of trajectories the C3—-C4 distance oscillates
in the range between 1.6 A and 2.0 A. By recording the timing for the C3—C4 distance to be shortened below
1.6 A, we obtained the average timing for the first C—C bond formation at 43.0 and 47.0 fs for HETD 8" and
HOMD 117, respectively. It is interesting that although the average timing is similar, there are more trajectories
exhibiting larger timing for C—C bond formation for the HOMD pathway, which may indicate a flatter potential
energy surface in the post-transition state period. Comparison of the average time for the first C-C bond
formation through TS 8" and TS 11" reveals a short timing gap of 4.0 fs. Also, the timing for first C—C bond
formation for the unstacked TSs were obtained and shown a short timing gap where 46 fs for HOMD, derived
from 24 trajectories, and 44 fs for HETD, derived from 20 trajectories (see Figure S8). Overall, the very small

timing gap between both pathways explains that HETD and HOMD are dynamically competitive.
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Figure 7. (a) Evolution of the C—C distance corresponding to the first C—C bond formation along quasiclassical
trajectories initialized from TSs 8" and 11" calculated by the wB97XD/6-31G(d) level of theory. All trajectories
start from the initial geometry (t = 0 fs) generated by adding a random displacement to the transition state, and
both directions are shown in positive and negative part of the horizontal axis. (b) A histogram for the C—C bond

formation timing, where the average timing for each reaction is shown by the vertical line.

Conclusions

DFT calculations at the (SMD)-wB97XD/Def2-TZVPP,6-311+G(d,p)//wB97XD/6-31G(d),LANL2DZ level of
theory were exploited to provide mechanistic insights into the HVIR-promoted hetero- and homodimerizations
of styrenes facilitated by HFIP. The computational level was validated through comparison between calculated
and measured redox potentials of different substituted trans-g-methylstyrenes. The findings achieved in this
study can be summarized as follows. First, the hypervalent iodine-mediated hetero- and homodimerizations of
styrenes initiated with two-electron reductive cleavage of two I—O bond cleavages giving iodinane I(IIT) and
iodobenzene I(1) when DMP and PIDA are used, respectively, plus two acetate groups stabilized by strong
hydrogen bonding interactions provided by HFIP. Accordingly, the propagation of the reaction is accomplished
by radically-cationic hetero- and homodimerized cyclic intermediates. However, a disfavored initiation via a
one-electron reduction was found, especially for the HOMD in the presence of PIDA where initiation become

highly unlikely to take place. This is in disagreement with the mild experimental conditions and, therefore, two-



electron process is required to initiate the radically-cationic [2+2] cycloaddition reaction. Also, the change in
oxidation state reported here, I(V)—I(I1I) and I(III)—I(I), are commensurate with the oxidation of alcohols by
hypervalent iodine reagents. By further investigation of the nature of the overall two-electron transfer, PIDA
and DMP were shown to follow different reaction pathways for the overall two-electron transfer: the two
electron transfer events are concerted for DMP and accompanied by the cleavage of one 1-O bond, whereas are
stepwise for PIDA, although for both oxidants occur within a tri-molecular complex stabilized by pi-stacking.
Second, the mechanism of HETD and HOMD is a radically-characterized n-n stacked head-to-head stepwise
[2+2] cycloaddition initiated via SEO by DMP and PIDA, respectively. DFT results supported by quasiclassical
molecular dynamics simulations show that HOMD is dynamically competing pathway to HETD although the
latter is relatively faster, in accordance with experimental observations. Third, the rate-determining step was
evaluated to be critical with I(Ill) to initiate the reaction as a thermodynamically endergonic whereas
endergonicity from 1(V) initiation showed to be very modest. The initiative SEO step was computed to be more
reactive with DMP catalyst as the SEO occurs with the more deficient catalyst 1(V) (lower LUMO) over less
deficient one I(111) (higher LUMO).

Overall, this mechanistic study brings significantly important insights into a such influential synthetic utility
and opens possibilities toward advancing an efficient protocol for stereoselective approaches of simple and
complex hetero- and homodimerizations. We envision that using DFT simulations on catalyzed SEO will
enhance and warrant further attentions toward developing various oxidants to synthetically access a wide range
of substrates used for bioactive and synthetic cyclobutane-containing products in a more efficiently-controlled

fashion.
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