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2.8 Density functional theory (DFT) studies

2.8.1. Computational methods

Kohn-Sham density functional theory (KS-DFT) calculations were performed with Gaussian
16 rev. B.01.” The global hybrid DFT functional M06-2X® was employed with the Karlsruhe-
family double- valence def2-SVP%'° basis set for all atoms to model the catalytic
mechanism of the present transformation. M06-2X was chosen as it has shown good
accuracy in studying radical and photochemistry of organic systems.'"'2 For the M06-2X/def-
SVP gas phase optimized structures, single point (SP) corrections were performed using
MO06-2X functional and def2-TZVP® "0 basis set for all atoms to improve upon the accuracy of
the calculated energy. For each of these SP calculations, the implicit SMD continuum
solvation model? for dimethyl sulfoxide (DMSO) solvent was used to account for the effect of
solvent on the potential energy surface (PES). Minima and transition structures on the
potential energy surface (PES) were confirmed using harmonic frequency analysis at the
same level of theory, showing respectively zero and one imaginary frequency.

Gibbs energies were evaluated at the room temperature of 25 °C, using Grimme’s scheme of
quasi-RRHO treatment of vibrational entropies,’ using the GoodVibes code.' Vibrational
entropies of frequencies below 100 cm-' were obtained according to a free rotor description,
using a smooth damping function to interpolate between the two limiting descriptions. The
free energies reported in Gaussian from gas-phase optimisation were further corrected using
standard concentration of 1 mol/L,'®-'8 which were used in solvation calculations, instead of
the gas-phase 1atm used by default in Gaussian program. Unless otherwise stated, the final
SMD(DMSO)-M06-2X/def2-TZVP//IM06-2X/def2-SVP Gibbs energies are used for discussion
throughout. All Gibbs energy values in the text and figures are quoted in kcal/mol.

For species with open-shell characteristics, including doublet (single radical) and triplet
(diradical), we performed above-mentioned DFT methodologies using the unrestricted
formalism of the Kohn-Sham theory (UKS-DFT). The eigenvalues of the spin operator S?
after annihilation of spin contamination were checked to ensure that they comply with the
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expected value of S(S+7) = 0.75 for a doublet wavefunction and S(S+17) = 2 for triplet,

indicating that spin contamination is not a problem for the present methodology.

All molecular structures and spin density plots are visualized using PyMOL'® software.

2.8.2 Model reaction

Scheme S1 shows the model reaction that we used for computational studies of reaction

mechanism for the present photocatalyzed cyclobutanation.

CO,Me PC-1 (1.5 mol%)
K,CO3 (0.40 eq.)
+ f
OO CO2H "bmso, Blue LEDs, RT
1a 2a

Scheme S1. Model reaction used in computational modelling.
2.8.3 Conformational Considerations

The different conformers of species 4a, 5b, and 3[5b], and product 6a, where the adamantyl
group can be either axial or equatorial, were considered. The lowest energy species of each
was used in the PES. We note that for the triplet 3[5b], the structure where adamantyl group
is equatorial optimizes to one where adamantyl group is axial. The DFT optimized structures

are shown in Figure S32.

4a_ax 4a_eq

AG =-96.4 AG =-88.8
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6a 6a_eqgeq

AG =-147.6 AG =-132.6
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6a_eqax

AG =-132.5

Figure S32. DFT-optimized structures of different conformers of 4a and 5b and product 6a.

Their Gibbs energies relative are given relative to the ground state of 1a.

For the lowest energy conformers for each structure, the adamantyl group is in the axial
position. For 4a, the adamantyl group in the axial position, 4a_ax, is more stable than 4a_eq,
where the adamantyl group is in equatorial position, by 7.6 kcal/mol. Similarly, 5a_ax is more
stable than 5a_eq by 5.7 kcal/mol. For the cyclobutene product, 6a, where both adamantyl
groups are axial is the most stable, more so than 6a_eqeq, where both adamantyl groups
are equatorial, by 15.0 kcal/mol, and than 6a_eqgax, where one adamantyl group is axial and
the other equatorial, by 15.1 kcal/mol. This is consistent with the X-ray crystal structure

obtained experimentally for product 6a, where both adamantyl groups are in axial positions.
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2.8.4 Spin densities of key intermediates

The spin density plots for key radical intermediates are shown in Figure S33. The spin
density for 3[5b] indicates that the B-carbon has the highest radical characteristic and will

attack the neutral 5b substrate from this carbon atom.

a] 2

’[mn 2

0.977

’[5b]
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Figure S33. DFT-optimized structures of key radical species and their spin density plots at

an isovalue of 0.02 a.u. Mulliken spin density values are given.

2.8.5 Diastereoselectivity

The diastereoselectivity outcomes of the reaction depend on the first C—C bond formation, as
after the first C—C bond is formed, the second C—C bond/ring closure step occurs without
possibility of stereochemical change, as the methylcarboxylate group cannot rotate due to

the restriction of naphthalene scaffold.

For the head-to-head anti cycloaddition leading to the final product where adamantyl group
and cyclobutane H atoms are cis (on the same side), 3[TS1], where the adamantyl groups
are both axial (Figure S34), has the lowest in barrier, at AG* = -87.3 kcal/mol (Figure S34).
The TS where one adamantyl group is axial and the other equatorial, 3[TS1-eqax], is higher
in barrier by 8.9 kcal/mol; the TS where both adamantyl groups are equatorial, 3[TS1-eqeq],

is higher in barrier by 13.9 kcal/mol.

For the head-to-head anti cycloaddition leading to the diasteroisomer where the adamantyl
group and cyclobutane H atom are trans (on the opposite side), 3[TS1a-eqax], where the
adamantyl groups are in axial and equatorial position, is the lowest in barrier, at AG* = -73.6

kcal/mol (Figure S34). The TS where both adamantyl groups are equatorial, 3[TS1a-eqeq], is
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higher in barrier by 2.0 kcal/mol; the TS where both adamantyl groups are axial, 3[TS1a-

axax], is higher in barrier by 6.5 kcal/mol.

3TS]

3[TS1-eqax]

AG*=-87.3

AG*=-784

3[TS1-eqeq]

3[TS1a-eqax]

AG*=-734

AG*=-73.6

3[TS1a-eqeq]

3[TS1a-axax]

AG*=-71.6

AG* = -67.1
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3[TS1s-eqax]

AG*=-817

front view

back view

3[TS1s-eqeq]

AG=-71.5

front view

back view
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Figure S34. DFT-optimized structures of different conformers of first C—C bond formation
transition states (TSs). Their Gibbs energies relative are given relative to the ground state of

1a.

For the head-to-head syn cycloaddition leading to the diasteroisomer, 3[TS1s-eqax], where
one adamantyl group is in axial and the other in equatorial position, is the lowest in barrier, at
AG* = -81.7 kcal/mol (Figure S34). The TS where both adamantyl groups are equatorial,
3[TS1s-eqeq], is higher in barrier by 10.2 kcal/mol; the TS where both adamantyl groups are

axial could not be built due to steric clashes between the adamantyl groups.

Note that for each TS above, a constrained CREST conformational sampling was performed,
however, regardless of which TS structure, whether from anti or syn addition, used as input

for CREST, the lowest energy conformers converged to 3[TS1].
2.8.6 Regioselectivity

For the regioselectivity studies, we consider only the head-to-tail addition where the triplet
species 3[5b] attacks from the B-carbon to the a-carbon of the C=C bond on singlet substate
5b in an anti fashion, as the corresponding head-to-head addition TS where the B-carbon of
3[5b] attacks the B-carbon of C=C bond of substate 5b via 3[TS1] has the lowest activation

barrier (Figure S34). We only consider the attack from the B-carbon of 3[5b] since there is a
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larger spin characteristic on this carbon (1.022, Figure S33) than that on the a-carbon (0.741,
Figure S33).

The DFT-optimized structure for this TS, termed 3[TS1r] is shown in Figure S35, which is 8.9
kcal/mol higher than 3[TS1]. The head-to-tail regioisomeric TS, 3[TS1r], is higher in barrier

likely due to the out-of-phase spin density interactions as shown by the spin density plots.

3TS] 3[TSAr]

AG*=-87.3 AG*=-78.4

Figure S35. DFT-optimized structures and the spin density plots of the lowest energy
conformers of the first C—-C bond formation from head-to-head, 3[TS1], vs head-to-tail,
3[TS1r], cycloaddition. Their Gibbs energies relative are given relative to the ground state of

1a.
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2.8.7 Ring closure

After the triplet species IV undergoes intersystem crossing (ISC) to the singlet state, the
cyclization step is expected to be barrierless, as the direct geometry optimization of the
intermediate yields the ring-closed cyclobutane product, indicating a negligible barrier for the

ring closure step.

2.8.8 Mechanism of crossed [2+2] reaction in O;
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Figure S36. Gibbs energy profile for the formation of product 20 in the presence of O..
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Figure S37. Conversion of species VIl to 20 under either acid or base catalysis.

2.8.9 DFT-optimized structures and absolute energies

Geometries of all optimized structures (in.xyz format with their associated gas-phase energy

in Hartrees) are included in a separate folder named DFT_optimized_structures with an

associated readme.txt file. All these data have been uploaded to zenodo.org (DOI:

10.5281/zeno0do.14523339).

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy

and quasi-harmonic Gibbs free energy (at 25 °C/298.15 K) for optimized structures are given

below. Single point correction energy values are also included.

Structure E/au ZPE/au H/au T.S/au qh-G/au SP

1a_singlet -613.058904  0.192951 -612.85381 0.047072  -612.899773  -613.7532659

1a_triplet -612.956566  0.188585 -612.75525 0.049767 -612.80346 -613.6503076
| -613.070994  0.188804 -612.86983 0.047828  -612.916704 -613.837302

] -613.606715  0.201667 -613.39229 0.049538  -613.440122
i -389.589716  0.231254  -389.35056 0.036294  -389.386859
4a_ax -1003.314422  0.440084 -1002.8544 0.063422 -1002.915454
4a_eq -1003.298756 0.4397 -1002.8391 0.06363  -1002.900455
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-614.3054668
-390.0200269
-1004.434669
-1004.421804


https://zenodo.org/records/14523339

5b_ax
5b_eq
5b_triplet
INT1_triplet
TS1_triplet
INT2_triplet
TS1_triplet_eqeq
TS1_triplet_eqax
TS1a_triplet_eqax
TS1a_triplet_axax
TS1a_triplet_eqeq
TS1s_triplet_eqeq
TS1s_triplet_eqax
TS1r_triplet
6a
6a_eqgeq
6a_eqax
H20
O2_singlet
O2_triplet
peroxide_radical
K2CO3
Vi
viIr
Vil
RCT_base
TS_base
PRD_base
RCT_acid
TS_acid
PRD_acid

20_singlet

-1003.317981
-1003.307919
-1003.221262
-2006.567514
-2006.564045
-2006.610508
-2006.540815
-2006.550304
-2006.53477
-2006.526491
-2006.528676
-2006.536931
-2006.551529
-2006.54835
-2006.674814
-2006.645356
-2006.653327
-76.323214
-150.082951
-150.14314
-150.719392
-1463.336757
-1002.689372
-1152.852234
-1153.492079
-2616.840977
-2616.815818
-2616.815818
-2017.544288
-2017.430756
-2017.633358
-1077.256216

0.440255
0.440344
0.436257
0.878702
0.879075
0.883086
0.879435
0.879653
0.878344
0.878792
0.878599
0.878752
0.878673
0.877891
0.886048
0.885956
0.886289
0.021589
0.004141
0.004164
0.014652
0.017321
0.42748
0.436684
0.448717
0.467434
0.460312
0.460308
0.48195
0.473056
0.47786
0.421547

-1002.8578
-1002.8475
-1002.7643
-2005.648
-2005.6451
-2005.6877
-2005.6215
-2005.6309
-2005.6162
-2005.6077
-2005.6098
-2005.6181
-2005.6328
-2005.6302
-2005.7499
-2005.7202
-2005.7289
-76.297846
-150.0755
-150.13567
-150.70095
-1463.3118
-1002.2421
-1152.3934
-1153.0209
-2616.3427
-2616.3248
-2616.3248
-2017.0345
-2016.9304
-2017.1263
-1076.814

0.063705
0.063965
0.066807
0.11099
0.107797
0.107855
0.106711
0.106779
0.10901
0.107964
0.109138
0.106898
0.107762
0.108684
0.1029
0.105194
0.102293
0.019066
0.019179
0.020216
0.022903
0.037736
0.064226
0.070078
0.070177
0.091358
0.089933
0.089942
0.082209
0.081313
0.085036
0.065692

-1002.918992
-1002.909129
-1002.828175
-2005.750612
-2005.745554
-2005.787975
-2005.721796
-2005.730908
-2005.717767
-2005.708374
-2005.711541
-2005.718657
-2005.73363
-2005.731448
-2005.846771
-2005.818427
-2005.824814
-76.316911
-150.094683
-150.155886
-150.723849
-1463.348915
-1002.303755
-1152.460068
-1153.087557
-2616.427311
-2616.408733
-2616.408742
-2017.112017
-2017.007031
-2017.206348
-1076.876915

-1004.43697
-1004.427786
-1004.33915
-2008.789608
-2008.785718
-2008.829926
-2008.764314
-2008.772395
-2008.762443
-2008.75316
-2008.759386
-2008.760235
-2008.776249
-2008.769894
-2008.891372
-2008.866295
-2008.867738
-76.43406553
-150.280371
-150.339069
-150.923549
-1463.815091
-1003.806195
-1154.16397
-1154.804433
-2618.631058
-2618.594726
-2618.594726
-2019.250888
-2019.135736
-2019.326959
-1078.467249
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