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ABSTRACT
Anthracene-bridged dinuclear rhenium complexes are reported for electrocatalytic and
photocatalytic carbon dioxide (CO2) reduction to carbon monoxide (CO). Related by hindered
rotation of each rhenium active site to either side of the anthracene bridge, cis and trans
conformers have been isolated and characterized. Electrochemical studies reveal distinct
mechanisms, whereby the cis conformer operates via cooperative bimetallic CO2 activation and
conversion and the trans conformer reduces CO2 through well-established single-site and
bimolecular pathways analogous to Re(bpy)(CO)3Cl. Higher turnover frequencies are observed
for the cis conformer (35.3 s−1) relative to the trans conformer (22.9 s−1), with both
outperforming Re(bpy)(CO)3Cl (11.1 s−1). Photocatalytic reactivity shows the plausible pathway
for dinuclear system is one site acting as an efficient, covalently-linked photosensitizer to the
second site performing CO2 reduction. The excited-state kinetics and emission spectra reveal that
the anthracene backbone plays a more significant role beyond a simple structural unit.
The isomerizations of 3,4-diazatricyclo[4.1.0.02,7]hept-3-ene and 3,4
diazatricyclo[4.1.0.02,7]heptane to their corresponding products were studied by ab initio
calculations at multiconfiguration self-consistent field level to study the stabilization effects from
π bond electrons and lone pair electrons. The isomerization of 3,4-diazatricyclo[4.1.0.02,7]hept-3ene occurs through four unique pathways. The 12.2 kcal mol-1 disparity in the disrotatory barriers
is explained through π electron delocalization in the transition state. The 3,4ii

diazatricyclo[4.1.0.02,7]heptane structure has eight separate reaction channels for isomerization.
Resonance stabilization from lone pair electron for two of the forbidden pathways results in a
relative energy lowering. The isomerization of benzvalene to benzene has barriers of 20.6 kcal
mol-1 for the disrotatory channel and 26.8 kcal mol-1 for the conrotatory channel. The
isomerization of benzvalene back to benzvalene occurs by the transition state disTSback with
barrier of 29.8 kcal mol-1. For the isomerization of benzvalyne, the barriers are 22.9 kcal mol-1
for disrotatory channel and 21.7 kcal mol-1 for conrotatory channel. Intrinsic reaction coordinate
shows the 122.2 kcal mol-1 relative energy could be released only by 1.4 kcal mol-1 due to the
absence of normally intermediate with trans double bond.
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INTRODUCTION
Finding a sustainable energy conversion strategy is an urgent scientific and technological
challenge given our reliance on non-renewable fossil fuels as a primary energy source coupled
with increasing global energy demand.1 Carbon dioxide is the chief component of this waste
stream which has been linked to climate change and other environmental concerns.2,3 Renewable
energy sources such as wind and solar are attractive, but they are intermittent, site specific, and
geographically diffuse. Additionally, they require energy storage before they can be relied on to
power society.4 To address this challenge while reducing CO2 emissions, solar energy or
renewable electricity can be used to drive the conversion of carbon dioxide and water into fuels
whereby energy is stored indefinitely in the form of chemical bonds for on-demand use. The
efficient catalytic conversion of CO2 into energy-rich compounds could close the carbon cycle
and allow an underutilized resource to be tapped into.5-11
Carbon dioxide is a non-polar, linear, and inert molecule. The single-electron reduction
of carbon dioxide to radical ion CO∙−
2 can be achieved by a significant amount of energy input,

witnessed by a reduction potential of -1.90 V vs. NHE in Table 1.12 The presence of proton

make carbon dioxide reduction feasible at lower energy cost by the use of proton couple electron
transfer (PCET). Additional concern existing in this process is the proton is utilized selectively
for carbon dioxide reduction rather than hydrogen generation, since the proton reduction required
comparatively less negative potential of -0.42 V vs. NHE in Table 1.
1

Table 1. Electrochemical reduction of CO2 in the presence of a proton source (aqueous solution,
pH 7, vs. NHE).

Molecular metal-based catalysts for CO2 reduction have been widely pursued as
transition metals generally have multiple redox states accessible to facilitate multi-electron
chemistry. The bulk of these catalysts employ a single metal center.5-11 Re(bpy)(CO)3Cl (where
bpy is 2,2'-bipyridine) and related derivatives continue to attract attention as competent
electrocatalysts for CO2 reduction, in addition to being single component photocatalysts.13-27
Recently, these systems have been functionalized with phosphonate anchoring groups for surface
attachment to photocathodes where they exhibit long-term stability for CO2 reduction.28-33
Successful translation of these catalysts into working devices emboldens their continued
development where lower overpotentials and faster rates are remaining challenges.
Current investigations focusing on the direct conversion of solar energy to stored
chemical energy could be divided into two categories.34 One is open cycle solar system, using
solar energy for the splitting of water into hydrogen and/or the reduction of carbon dioxide into
methanol. The stored chemical energy in hydrogen and/or methanol would be released by
subsequent combustion process. An alternative is closed cycle solar system, also called
molecular solar thermal systems. The low-energy precursor would convert to high-energy isomer
2

by photoisomerization. This metastable isomer with high energy density would thermally
isomerize back to precursor along with releasing the stored energy.34 Inspired by the existing
MOST including stilbenes, azobenzenes, anthracenes, ruthenium fulvalene and norbornadienequadricyclane systems,35 the thermal isomerization of analogous polycyclic compounds is worthy
of exploration for possible energy storage and release due to their highly strained energy.
Strained polycyclic hydrocarbons are often more stable than anticipated considering their
possession of large amounts of strain energy. This fact provoked exploration of such molecules
as potential fuel sources due to the exothermicity manifest during activation. The bicyclobutane
moiety plays an important structural role in high energy density fuels on the basis of its high
strain energy. The thermal isomerization of bicyclobutane has gained considerable interest on
account of the various possible pathways of strain release.36-40 The mechanism of the opening of
the two fused three-member rings is important to understand the release of thermal energy
related to liquid fuel vaporization ahead of the flame front.41 Nguyen and Gordon examined the
isomerization channels of bicyclobutane to butadiene at the multiconfiguration self-consistent
field level and reported the allowed conrotatory pathway and forbidden disrotatory pathway.40
They also showed that a multideterminant wavefunction was necessary to describe the forbidden
pathway due to the strong singlet biradical character. Connecting the two methylene carbons of
bicyclobutane with a carbon chain results in a tricyclo structure which imparts additional steric
constraints. The isomerization still proceeds through cleavage of two nonadjacent C–C bonds in
the bicyclobutane moiety but the bridge-connected methylenes are no longer free to rotate during
the isomerization. In the conrotatory pathway, the orbitals comprising the cleaved bonds rotate in

3

the same direction, i.e. both clockwise or both counterclockwise. In the disrotatory pathway, the
orbitals comprising the cleaved bonds rotate in opposite directions. The conrotatory transition
state for bicyclobutane is about 15 kcal mol-1 lower in energy than the disrotatory transition state
so the conrotatory is labeled ‘‘allowed’’ and the disrotatory ‘‘forbidden’’. When the two
methylene groups of bicyclobutane are bridged as shown in Figure 1, the conrotatory rotation of
the cleaving orbitals causes a trans double bond to form, while for the disrotatory rotation, both
double bonds are in the cis geometry. The presence of a trans double bond in a six or seven
membered conjugated cyclic diene produces considerable bond strain. This strain can also be
relieved by simple rotation of the trans double bond with a very small activation barrier.42 It is
the highly strained nature of the trans double bond that is worthy of exploration for possible
energy storage motifs inspired by the strained ring quadricyclane to norbonadiene couple.43

4

Figure 1. Schematic representation of conrotatory and disrotatory pathways.
In this dissertation, the electro- and photocatalytic reduction of carbon dioxide for open
solar cycle system from experimental chemistry perspective were discussed. Also the thermal
isomerization of tricylco-compounds for possible energy storage and release from computational
chemistry perspective were studied. In chapter one, electrocatalytic CO2 reduction with a
dinuclear rhenium complex and comparison of the monometallic and cooperative bimetallic
pathways were discussed. After electrocatalytically evaluation of aforementioned dinuclear
rhenium complex, photochemical CO2 reduction with mononuclear and dinuclear rhenium
catalysts bearing a pendant anthracene chromophore were studied in chapter two. Chapter three
included the ab initio calculation of thermal isomerization of 3,4-diazatricyclo[4.1.0.02,7]hept-3ene (DATCE), 3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA), and 3,4,55

triazatricyclo[4.1.0.02,7]hept-3-ene (TATCE). The ab initio study of thermal isomerization of
benzvalene to benzene and benzvalyne to benzyne were discussed in chapter four.
This dissertation used materials from three articles in journals.44-46 Chapter one used
content from the article in Inorganic Chemistry journal,44 reprinted (adapted) with permission
from (Inorg. Chem. 201857159564-9575). Copyright (2018) American Chemical Society.
Weiwei Yang, Rebekah L. Nelson and Jonah W. Jurss synthesized and characterized the
catalyst; Weiwei Yang, Sayontani Sinha Roy and Jonah W. Jurss performed and analyzed the
electrochemical measurements; Winston C. Pitts carried out the DFT calculations. Chapter two
was based on the article in Chemical Communication journal,45 (Chem. Commun., 2019, 55, 993)reproduced by permission of The Royal Society of Chemistry. Weiwei Yang and Jonah W. Jurss
synthesized and characterized the catalyst; Nalaka P. Liyanage and Jared H. Delcamp collected
and analyzed the photocatalysis data; Sayontani Sinha Roy obtained Stern-Volmer quenching
data; Stephen Guertin, Rebecca E. Adams and Russel H. Schmehl obtained photophysical
properties. Chapter three was based on the article in Physical Chemistry Chemical Physics,46
(Phys.Chem.Chem.Phys., 2018, 20, 26608) - reproduced by permission of the PCCP Owner
Societies. It is coauthored by Weiwei Yang, Kimberley N. Poland and Steven R. Davis. Finally,
some materials from those articles were incorporated in chapter introduction and chapter
conclusion.44-46
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CHAPTER I
ELECTROCATALYTIC CO2 REDUCTION WITH CIS AND TRANS CONFORMERS
OF A RIGID DINUCLEAR RHENIUM COMPLEX
1.1 Introduction
Mechanistic studies of Re(bpy)(CO)3X-type catalysts have provided evidence for the
concentration-dependent formation of dinuclear intermediates during catalysis.16,17,47-55 Indeed,
bimetallic and monometallic pathways exist as dimer formation is in competition with CO2
reduction at a single metal.49 Disentangling the contributions of competing pathways, in addition
to the transient nature of their respective intermediates, has made it difficult to assess the
possible advantages of two metal centers in activating and reducing CO2 in a cooperative
fashion. A beneficial interaction between two active sites is further clouded as a Re-Re bonded
dimer has been indicted as a deactivated intermediate.52,53
Several bimetallic catalyst designs have been pursued based on flexible alkyl tethers56,57
or hydrogen bonding interactions,58,59 which suffer from a lack of rigidity and variable solution
compositions. Other examples feature dinucleating scaffolds that preclude intramolecular
bimetallic CO2 activation and conversion.60-63 Thus, the desirable design parameters surrounding
this approach are poorly understood.
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In this context, we sought to develop catalysts with a rigid dinucleating ligand that
positions two rhenium active sites in close proximity with a predictable intermetallic distance
and orientation (Scheme 1). The ability to isolate and even select from competing mechanisms
(i.e. bimetallic vs monometallic pathways) would allow us to compare and understand
differences in efficiency, activity, and stability. Herein the synthesis, characterization, and
electrocatalytic activity of homogeneous cis and trans conformers of a Re2 catalyst supported by
an anthracene-based polypyridyl ligand are described.
Scheme 1 Synthesis of 1,8-di([2,2'-bipyridin]-6-yl)anthracene 1 and its bimetallic Re(I)
conformers, cis-Re2Cl2 and trans-Re2Cl2.
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1.2 Experimental section
1.2.1 Materials and methods
Unless otherwise noted, all synthetic manipulations were performed under N2 atmosphere
using standard Schlenk techniques or in an MBraun glovebox. Toluene was dried with a Pure
Process Technology solvent purification system. Anhydrous N,N-dimethylformamide (DMF)
was purchased from Alfa Aesar, packaged under argon in ChemSeal bottles. The rhenium
precursor Re(CO)5Cl was purchased from Strem and stored in the glovebox. All other chemicals
were reagent or ACS grade, purchased from commercial vendors, and used without further
purification. 1H and 13C NMR spectra were obtained using a Bruker Advance DRX-500
spectrometer operating at 500 MHz (1H) or 126 MHz (13C). Spectra were calibrated to residual
protiated solvent peaks; chemical shifts are reported in ppm. Electrospray ionization mass
spectra (ESI-MS) were obtained with a Waters SYNAPT HDMS Q-TOF mass spectrometer.
UV-Vis spectra were recorded on an Agilent / Hewlett-Packard 8453 UV-Visible
Spectrophotometer with diode-array detector. Infrared spectra were obtained on an Agilent
Technologies Cary 600 series FTIR spectrometer equipped with a PIKE GladiATR accessory.
1.2.2 Electrochemical measurement
Electrochemistry was performed with a Bioanalytical Systems, Inc. (BASi) Epsilon
potentiostat. Cyclic voltammetry studies employed a three-electrode cell equipped with a glassy
carbon disc (3 mm dia.) working electrode, a platinum wire counter electrode, and a silver wire
quasi-reference electrode that was referenced using ferrocene as an internal standard at the end of
9

experiments. Electrochemistry was conducted in anhydrous DMF containing 0.1 M Bu4NPF6
supporting electrolyte. Solutions for cyclic voltammetry were thoroughly degassed with Ar or
CO2 before collecting data. All voltammograms were cycled from the most positive potential to
the most negative potential and back.
Controlled potential electrolysis were carried out in a 3-neck glass cell with a glassy
carbon rod (2 mm diameter, type 2, Alfa Aesar) working electrode, a silver wire quasi-reference
electrode, and a platinum mesh (2.5 cm2 area, 150 mesh) counter electrode that was separated
from the other electrodes in an isolation chamber comprised of a fine glass frit. Solutions were
degassed with CO2 for 30 min before collecting data. The applied potential values were
determined by cyclic voltammetry before controlled potential electrolysis were performed.
Evolved gases during electrolysis measurements was quantified by gas chromatographic analysis
of headspace samples using an Agilent 7890B Gas Chromatograph and an Agilent PorapakQ (6'
long, 1/8" O.D.) column. CO was measured using an FID detector, while H2 was quantified at
the TCD detector. Constant stirring was maintained during electrolysis. Integrated gas peaks
were quantified with calibration curves obtained from known standards purchased from
BuyCalGas.com. From the experimental amount of product formed during electrolysis, Faradaic
efficiencies were calculated against the theoretical amount of product possible based on the
accumulated charge passed and the stoichiometry of the reaction.
UV-visible spectroelectrochemical (SEC) measurements were conducted with a
commercial “honeycomb” thin-layer SEC cell from Pine Research Instrumentation employing a

10

gold working electrode, a silver wire quasi-reference electrode, and a platinum wire counter
electrode.
1.2.3 X-ray crystallography
Single crystals were coated with Paratone-N hydrocarbon oil and mounted on the tip of a
MiTeGen micromount. Temperature was maintained at 100 K with an Oxford Cryostream 700
during data collection at the University of Mississippi, Department of Chemistry and
Biochemistry, X-ray Crystallography Facility. Samples were irradiated with Mo-Kα radiation
with λ = 0.71073 Å using a Bruker Smart APEX II diffractometer equipped with a Microfocus
Sealed Source (Incoatec IµS) and APEX-II detector. The Bruker APEX2 v. 2009.1 software
package was used to integrate raw data which were corrected for Lorentz and polarization
effects.64 A semi-empirical absorption correction (SADABS) was applied.65 The structure was
solved using direct methods and refined by least-squares refinement on F2 and standard
difference Fourier techniques using SHELXL.66-68 Thermal parameters for all non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were included at ideal positions. Poorly
resolved outersphere DMF molecules could not be modeled successfully in the difference map.
The data was treated with the SQUEEZE procedure in PLATON;69,70 details are provided in the
CIF file.
1.2.4 Computational methods
All calculations were performed in Gaussian 09.71 All energies discussed in this work
contain zero point energy corrections. Global minimums of the cis and trans conformers were
11

located using density functional theory (DFT) and the ωB97X-D72 functional.73 The 6-311+G*
basis set was used for all coordinating atoms which includes the carbon monoxide. The 6-311G*
basis was used for all hydrogen and carbon atoms of the ligand manifold. LanL2TZ (f) was used
for the two rhenium atoms. The minimums were confirmed by calculating the harmonic
vibrational frequencies and finding all real values. To obtain a structure close to the transition
state (TS) of conformational isomerization (via rotation), an initial relaxed scan was performed
using semi-empirical PM6 and was parametrized by the dihedral angle C(14)-C(15)-C(23)-N(39)
or C(6)-C(5)-C(29)-N(40) for TS1 and TS2, respectively, as labeled in Figure A1. From these
scans, the maximum was used as a starting point for a transition state optimization using the
Berny algorithm at the level of theory and basis sets mentioned previously.
Structural optimization and infrared spectra calculations were performed using the BP86D3/def2-TZVP functional-basis set combination with Beck’s and Johnston’s dispersion
corrections. The rhenium atoms were described with the LanL2TZ (f) effective core potential
with the added polarization function. These calculations also included DMF solvent-induced
corrections using the COSMO solvation model. Frequency analysis confirmed global minimums.
Global minimums for the Re-Re dimers were found using the ωB97X-D functional with
basis sets LanL2TZ (f) for rhenium atoms and 6-31++G* for all light atoms. An ultrafine
numerical integration grid was employed for both species. Cartesian coordinates and energies are
given in Table A1-Table A10.
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1.2.5 Synthetic procedures.
Re(bpy)(CO)3Cl was prepared as previously described.74 Ligand precursors 6-bromo2,2’-bipyridine75 and 1,8-bis(neopentyl-glycolatoboryl)anthracene76 were prepared according to
literature procedures.
1,8-di(2,2’-bipyridine)anthracene, 1. In an oven-dried 2-neck round bottom flask were
added 1,8-bis(neopentylglycolatoboryl)anthracene (1.0 g, 2.49 mmol), 6-bromo-2,2’-bipyridine
(1.4 g, 5.97 mmol), and Pd(PPh3)4 (0.172 g, 6 mol %) under inert atmosphere. Degassed toluene
(50 mL), ethanol (5 mL), and 2 M aqueous K2CO3 (5 mL) were added to the reaction vessel
under N2 and refluxed for 2 days. After cooling to room temperature, 25 mL saturated aqueous
NH4Cl and 25 mL H2O were added to the mixture. The crude product was extracted with
dichloromethane and purified by silica gel chromatography (1:1 hexanes:ethyl acetate) to yield
pure product (1.04 g, 86%). 1H NMR (500 MHz, DMSO-d6): δ 9.80 (s, 1H), 8.83 (s, 1H), 8.62

(ddd, J = 4.7, 1.8, 0.9 Hz, 2H), 8.27 (d, J = 8.4 Hz, 2H), 7.98 (dt, J = 7.8, 1.0 Hz, 2H), 7.83 (dq, J
= 7.9, 1.0 Hz, 2H), 7.78 – 7.73 (m, 4H), 7.71 – 7.65 (m, 4H), 7.57 (td, J = 7.7, 1.8 Hz, 2H), 7.33
(ddt, J = 6.9, 4.8, 1.1 Hz, 2H). 13C NMR (126 MHz, DMSO-d6): δ 157.60, 154.89, 154.52,

149.01, 137.99, 137.85, 137.01, 131.55, 129.14, 129.06, 127.38, 126.91, 125.50, 124.92, 123.84,
123.61, 119.96, 118.61. ESI-MS (M+) m/z calc. for [1 + H+], 487.2, found, 487.2.
1,8-di(2,2’-bipyridine)anthracene(Re(CO)3Cl)2, Re2Cl2. To an oven-dried 2-neck round

bottom flask were added 1,8-di(2,2’-bipyridine)anthracene (100 mg, 0.205 mmol) and
Re(CO)5Cl (148 mg, 0.41 mmol) under inert atmosphere. Anhydrous toluene (5 mL) was added
and the reaction mixture was refluxed overnight. The mixture was cooled to room temperature,
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the precipitate was collected by filtration with a glass frit, and washed with toluene and diethyl
ether several times. The crude product was purified by silica gel chromatography with gradient
elution from dichloromethane to 2:3 acetone:dichloromethane using a Biotage automated flash
purification system to give pure compounds, cis-Re2Cl2 (41% yield) and trans-Re2Cl2 (20%).
cis-Re2Cl2: 1H NMR (500 MHz, DMSO-d6): δ 9.04 (d, J = 5.4 Hz, 2H), 8.87 (s, 1H), 8.77

(d, J = 8.3 Hz, 2H), 8.68 (d, J = 8.1 Hz, 2H), 8.39 (d, J = 8.5 Hz, 2H), 8.35 (t, J = 7.9 Hz, 2H),

7.90 (t, J = 7.9 Hz, 2H), 7.83 (s, 1H), 7.74 (m, 4H), 7.61 (d, J = 7.6 Hz, 2H), 7.54 (d, J = 6.6 Hz,
2H). 13C NMR (126 MHz, DMF-d7): δ 199.47, 195.09, 195.07, 161.87, 158.22, 157.57, 154.10,

141.11, 140.77, 133.41, 131.90, 131.57, 131.42, 131.02, 128.77, 128.71, 128.48, 128.32, 126.82,
126.10, 125.93, 124.94, 124.04. ATR-FTIR: ν(CO) at 2015, 1915 (with shoulder at 1924), and
1871 cm-1. ESI-MS (M+) m/z calc. for [cis-Re2Cl2 + Cs+], 1230.9, found, 1230.9.
trans-Re2Cl2: 1H NMR (500 MHz, DMSO-d6): δ 9.01 (d, J = 5.4 Hz, 1H), 8.98 (d, J = 5.4

Hz, 1H), 8.87 (s, 1H), 8.77 (d, J = 8.3 Hz, 1H), 8.73 (d, J = 8.2 Hz, 1H), 8.61 (d, J = 8.1 Hz, 1H),
8.57 (d, J = 8.1 Hz, 1H), 8.42 (t, J = 8.0 Hz, 1H), 8.39 - 8.32 (m, 3H), 8.02 (t, J = 7.9 Hz, 1H),
7.83 (t, J = 6.6 Hz, 1H), 7.77 – 7.68 (m, 3H), 7.65 (d, J = 7.1 Hz, 2H), 7.53 (t, J = 7.8 Hz, 1H),
7.49 (d, J = 6.8 Hz, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.33 (s, 1H). 13C NMR (126 MHz, DMF-d7): δ
199.36, 198.83, 195.14, 194.84, 191.95, 190.96, 162.48, 162.45, 157.90, 157.83, 157.60, 157.06,
154.20, 154.09, 141.80, 141.36, 141.12, 140.91, 140.59, 139.59, 133.31, 133.22, 131.91, 131.60,
131.50, 130.92, 130.57, 130.37, 129.28, 128.81, 128.61, 128.51, 126.67, 126.12, 126.01, 125.90,
124.42, 124.39, 123.92. ATR-FTIR: ν(CO) at 2015 and 1891 cm-1. ESI-MS (M+) m/z calc. for
[trans-Re2Cl2 + Cs+], 1230.9, found, 1230.9.
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1-(2,2’-bipyridine)anthracene, 2. In an oven-dried 2-neck round bottom flask were added
1-(neopentylglycolatoboryl)anthracene (1.0 g, 3.46 mmol), 6-bromo-2,2’-bipyridine (1.0 g, 4.15
mmol), and Pd(PPh3)4 (0.2 g, 5 mol %) under inert atmosphere. Degassed toluene (50 mL),
ethanol (5 mL), and 2 M aqueous solution of K2CO3 (5 mL) were added to the reaction vessel
under N2 and refluxed for 2 days. After cooling to room temperature, 25 mL saturated NH4Cl
and 25 mL H2O were added into mixture. The crude product was extracted with dichloromethane
and purified by silica gel chromatography (5:1 hexanes:ethyl acetate) to yield pure product (0.6
g, 52%). 1H NMR (500 MHz, DMSO-d6): δ 8.84 (s, 1H), 8.76 (dd, J = 88.9, 4.7 Hz, 1H), 8.72 (s,

1H), 8.52 (d, J = 7.8 Hz, 1H), 8.41 (d, J = 8.0 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.18 (t, J = 7.8

Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.93 (td, J = 7.8, 1.6 Hz, 1H), 7.85 (d,
J = 7.6 Hz, 1H), 7.73 (d, J = 6.5 Hz, 1H), 7.66 (dd, 1H), 7.58 – 7.52 (m, 1H), 7.51 – 7.44 (m,
2H). 13C NMR (126 MHz, DMSO-d6): δ 158.47, 155.82, 155.49, 149.84, 138.87, 138.32, 137.89,
132.16, 131.98, 131.49, 129.73, 129.41, 129.06, 128.26, 127.78, 127.13, 126.43, 126.26, 125.69,
125.50, 124.86, 124.79, 121.07, 119.57. ESI-MS (M+) m/z calc. for [2 + H+], 333.1, found,
333.1.
[1-(2,2’-bipyridine)anthracene][Re(CO)3Cl], anthryl-Re. To an oven-dried 2-neck round
bottom flask were added 1-(2,2’-bipyridine)anthracene (100 mg, 0.300 mmol) and Re(CO)5Cl
(108.5 mg, 0.300 mmol) under inert atmosphere. Anhydrous toluene (5 mL) was added and the
reaction mixture was refluxed overnight. The mixture was cooled to room temperature, the
precipitate was collected by filtration with a glass frit, and washed with toluene and diethyl ether
several times. Pure product was obtained by crystallization from dichloromethane/hexanes (161
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mg, 84%). Two conformers are present by 1H NMR with slow rotation observed at room
temperature. ESI-MS (M+) m/z calc. for [anthryl-Re + Cs+], 770.9453, found, 770.9452.
Elemental analysis for C28H16N2O4Re•1.5H2O calcd: C 48.76, H 2.88, N 4.21; found: C 49.09, H
2.88, N 4.22.
1.3 Synthesis and characterization
The synthesis of 1,8-di([2,2'-bipyridin]-6-yl)anthracene (1) and its metalation to generate
conformers cis-Re2Cl2 and trans-Re2Cl2 is shown in Scheme 1. As previously described,771,8dichloroanthraquinone is reduced with Zn to give 1,8-dichloroanthracene (1a). Next, the 1,8diboronate ester (1b) is furnished by a Pd-catalyzed borylation with bis(neopentyl
glycolato)diboron.76 The boronate ester is reacted directly by Suzuki cross coupling with 6bromo-2,2’-bipyridine to give dinucleating ligand 1 in 86% yield. Metalation was achieved by
refluxing the ligand with two equivalents of Re(CO)5Cl in anhydrous toluene overnight to give a
mixture of two dinuclear Re(I) conformers cis-Re2Cl2 and trans-Re2Cl2. Despite the possible
formation of up to seven isomers (Figure A2), only two species are observed in the reaction
mixture under these conditions as shown in the crude 1H NMR spectrum (Figure A3). Two
narrow, closely-spaced bands were separated by silica gel chromatography to give an overall
isolated yield of 61%. We note that solvent-dependent isomer formation has been reported
previously for di- and trinuclear Re(CO)3-based compounds.78 1H NMR spectra of the purified
cis and trans conformers are shown in Figure 2. From the NMRs, there is a symmetric species
(cis-Re2Cl2) with 12 chemically distinct protons and an asymmetric species (trans-Re2Cl2)
displaying 22 different proton signals. Infrared spectroscopy in DMF established the presence of
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fac-Re(CO)3 fragments with carbonyl stretching frequencies ν(CO) for cis-Re2Cl2 at 2019, 1915,
and 1890 cm-1 and for trans-Re2Cl2 at 2014, 1910, and 1888 cm-1 (Figure A4). For comparison,
the CO stretching frequencies of the parent complex, fac-Re(bpy)(CO)3Cl, are at 2019, 1914, and
1893 cm-1 in DMF.16
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Figure 2. 1H NMR spectra (500 MHz, DMSO-d6) showing the aromatic region of A) cis-Re2Cl2
and B) trans-Re2Cl2.
X-ray quality crystals of the asymmetric trans conformer were obtained by slow
isopropyl ether diffusion into a concentrated DMF solution. The crystal structure of trans-Re2Cl2
is shown in Figure 3, concurrently lending support for a symmetric configuration of the cis
conformer, which is accessible by rotation (cis ↔ trans) as observed at elevated temperatures by

1

H NMR. However, no interconversion is observed at room temperature over the course of 2

days.
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Figure 3. Crystal structure of trans-Re2Cl2. Hydrogen atoms are omitted for clarity. Thermal
ellipsoids are shown at the 70% probability level.
Our catalyst design aims to channel reactivity through a single mechanism by allowing both
active sites to be in close proximity for cooperative catalysis or by isolating each metal center for
single-site activity. Importantly, as active sites are generated following chloride dissociation
from the metal, two symmetric cis conformers are possible, one in which the chloro ligands face
each other (cis-Re2Cl2), and the other which has its chloro ligands oriented outward (cis 2 as
labeled in Figure A2). Density Functional Theory (DFT) calculations were used to investigate
the barrier to rotation of Re(bpy) moieties to either side of the anthracene bridge by which the
trans conformer may interconvert to either of the symmetric cis conformers in solution. Since the
structure of trans-Re2Cl2 is known, the energy barrier associated with rotational isomerization
from trans-Re2Cl2 was calculated (Figure A1). By DFT, the barrier to rotation from the trans
conformer to cis-Re2Cl2 (27.2 kcal/mol) is 4.6 kcal/mol lower in energy than rotation to cis 2
(31.8 kcal/mol). These calculations provide indirect evidence that the isolated cis conformer has
its chloro ligands facing “in” (denoted cis-Re2Cl2 as depicted in Scheme 1). Toward more direct
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evidence, the infrared spectra of cis-Re2Cl2 and cis 2 were calculated by DFT. Notably, cisRe2Cl2 is predicted to have 3 ν(CO) absorption bands while cis 2 is expected to have 4 ν(CO)
vibrational modes (Figure A5). The experimental FTIR spectrum of the cis conformer (Figure
A4) confirms its stereochemistry.
1.4 Results and discussion
1.4.1 Electrochemistry
Following characterization, the redox behavior of cis-Re2Cl2 and trans-Re2Cl2 was
analyzed in the absence of CO2 by cyclic voltammetry in anhydrous DMF containing 0.1 M
Bu4NPF6 supporting electrolyte. Re(bpy)(CO)3Cl and a mononuclear derivative (anthryl-Re)
bearing a pendant anthracene (shown in Figure 4) were studied in parallel to provide insight into
catalytic activity and ligand-based redox chemistry. Cyclic voltammograms (CVs) were
referenced internally at the end of experiments to the ferrocenium/ferrocene (Fc+/0) couple. The
electrochemical properties of Re(bpy)(CO)3Cl have been studied extensively, most often in
acetonitrile solutions. Its CV in DMF, overlaid with that of anthryl-Re (Figure 4), exhibits a
quasireversible redox process with Ep,c at -1.80 V vs Fc+/0 and an irreversible reduction at -2.25
V. Notably, the CV of anthryl-Re has a third reduction at -2.54 V that is absent in the parent
complex. Similar behavior is observed for the dinuclear catalysts (Figure 4). CVs of cis-Re2Cl2
and trans-Re2Cl2 reveal two closely-spaced, quasireversible, one-electron reductions at Ep,c = 1.77 and -1.87 V and Ep,c = -1.78 and -1.88 V, respectively, followed by reductions at Ep,c = -2.34
and -2.65 V and Ep,c = -2.40 and -2.67 V, respectively, at a scan rate of 100 mV/s. The number of
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electrons transferred in each redox process based on integrated cathodic peak areas corresponds
to a 1:1:2:1 stoichiometry. From scan rate dependent CVs of the dinuclear conformers and both
mononuclear complexes, linear fits were obtained in plots of the reductive peak current (ip,c)
versus the square root of the scan rate (ν1/2) consistent with freely diffusing systems (Figure A6Figure A9).79,80

OC

OC CO
Re N
Cl N

Figure 4. CVs of A) 2 mM Re(bpy)(CO)3Cl and anthryl-Re, and B) 1 mM cis-Re2Cl2 and transRe2Cl2 in DMF/0.1 M Bu4NPF6 under Ar, glassy carbon disc, ν = 100 mV/s.
Comproportionation constants (KC) for the dinuclear catalysts were estimated from the
overlapping one-electron reductions as a measure of electronic coupling between Re(bpy)
units.81 Based on the difference in potentials, ∆E, between Ep1,c and Ep2,c, a KC value of 50 was
calculated for both Re2 conformers, indicative of weak electronic coupling through the
anthracene bridge.81 Weak electronic coupling is not surprising given the number of bonds
between redox sites. These results are summarized in Table 2.
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Table 2. Reduction potentials, diffusion coefficients, and comproportionation constants (KC)
from cyclic voltammetry in anhydrous DMF/0.1 M Bu4NPF6 solutions.
Catalyst
cis-Re2Cl2
trans-Re2Cl2
Re(bpy)(CO)3Cl
anthryl-Re

Ep1,c
-1.77

Ep2,c
-1.87

Ep3,c
-2.34

Ep4,c
-2.65

-2.40

-2.67

KC = 50
-1.78
-1.80
-1.82

-1.88

KC = 50
-2.25
-6
2 -1
D = 5.40 x 10 cm s
-2.29
-2.54
-6
D = 5.48 x 10 cm2 s-1

-

On the basis of these results and previous work,58,59,62,63,82 we assign the most positive
overlapping one-electron redox events to ligand-centered bipyridine reductions to form
[ReI(bpy•)(CO)3Cl]– moieties followed by a third (overall) reductive process involving each of
the Re(bpy) units, totaling two electrons. The most negative redox event is ascribed to a oneelectron, anthracene-based reduction. A CV of free ligand 1 is shown in Figure A10.
Electrocatalytic CO2 reduction by the dinuclear conformers and monomers
Re(bpy)(CO)3Cl and anthryl-Re was then investigated by cyclic voltammetry. CVs of cis-Re2Cl2
and trans-Re2Cl2 at 1 mM concentrations and of monomers at concentrations of 2 mM are shown
in Figure 5 in DMF solutions under Ar and CO2 atmospheres. The monomer catalyst
concentrations were doubled to maintain a consistent concentration with respect to rhenium.
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B

D

Figure 5. Cyclic voltammetry in Ar- and CO2-saturated DMF/0.1 M Bu4NPF6 solutions with A)
1 mM cis-Re2Cl2, B) 1 mM trans-Re2Cl2, C) 2 mM Re(bpy)(CO)3Cl, and D) 2 mM anthryl-Re,
glassy carbon disc, ν = 100 mV/s. The background under CO2 is shown with a dashed blue line.

For an electrocatalytic reaction involving heterogeneous electron transfers at the
electrode surface, the peak catalytic current is described by equation 1:83-85
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 𝐹𝐹𝐹𝐹[𝑐𝑐𝑐𝑐𝑐𝑐](𝐷𝐷𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 [𝑆𝑆]𝑦𝑦 )1/2

(1)
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where icat is the limiting catalytic current in the presence of CO2, ncat corresponds to the
number of electrons transferred in the catalytic process (here ncat = 2 as CO2 is reduced to CO), F
is Faraday’s constant, A is the area of the electrode, [cat] is the molar concentration of the
catalyst, D is the diffusion coefficient, kcat is the rate constant of the catalytic reaction, and [S] is
the molar concentration of dissolved CO2. Applying eq 1, the catalytic mechanisms of cis-Re2Cl2
and trans-Re2Cl2 were probed using cyclic voltammetry to determine reaction orders with
respect to [CO2] and [cat] (Figure A11 and Figure A12, respectively). First, gas mixtures of Ar
and CO2 were used to vary the partial pressure of CO2 from 0 to 1 atm to reveal a linear increase
in catalytic current for CO2 reduction as a function of the square root of dissolved CO2
concentration for both cis-Re2Cl2 and trans-Re2Cl2 catalysts (Figure 6). The concentration of
dissolved CO2 in DMF under saturation conditions at 1 atm is 0.20 M.86

A

B

Figure 6. CO2 concentration dependence for A) 1 mM cis-Re2Cl2 and B) 1 mM trans-Re2Cl2 in
DMF/0.1 M Bu4NPF6, glassy carbon disc, ν = 100 mV/s. Catalytic current (𝜇𝜇A) is plotted versus
the square root of [CO2].
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Likewise, the dependence of catalytic current (icat) on the concentration of each dinuclear
rhenium catalyst ([cat]) in CO2-saturated solutions was determined (Figure 7).

B

Figure 7. Catalyst concentration dependence for A) cis-Re2Cl2 and B) trans-Re2Cl2 in CO2saturated DMF/0.1 M Bu4NPF6 solutions, glassy carbon disc, ν = 100 mV/s. Linear fits with
slopes of 1 were obtained in log-log plots of catalytic current (𝜇𝜇A) versus catalyst concentration
(mM).
For both conformers, the data indicates a first order dependence on [Re2Cl2] and a first
order dependence on [CO2] in the rate determining step, as expressed by the following rate law:
Rate = −

[CO2 ]
= k cat [Re2Cl2][CO2 ]
dt

It was not possible on the basis of reaction orders alone to distinguish between the
reaction mechanisms of cis and trans conformers. Log-log plots were critical for the correct
kinetic analysis of these catalysts, since plots of catalytic current vs [trans-Re2Cl2] as well as
catalytic current vs [trans-Re2Cl2]1/2 both gave reasonable linear fits (Figure A13). The log-log
plots confirm the reactions are first order in catalyst with slopes of 1 (Figure 7).
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Our initial inquiry regarding a half-order dependence on catalyst concentration,
specifically for trans-Re2Cl2, emerged from a previous mechanistic study involving a dinuclear
palladium complex, in which its polydentate phosphine ligand was designed to prevent
cooperative, intramolecular CO2 binding between active sites.87,88 A half-order dependence on
catalyst concentration was reported and explained by assuming the metal active sites operate
independently of one another, such that only half of the complex is intimately involved in the
rate determining step.88 As rationalized, however, a first order dependence would be expected. A
square root dependence on catalyst concentration is typically observed following rate-limiting
dissociation of a dinuclear pre-catalyst that is in reversible equilibrium with the active form.89,90
Several plausible modes of reactivity with a dinuclear catalyst for CO2 reduction are
expected to yield a first order dependence on catalyst concentration: (1) both metal centers
participate in the intramolecular activation, or binding, of CO2 and its conversion, (2) only one
metal center reacts with CO2 while the other acts as a spectator, (3) only one metal center reacts
with CO2 while the other serves as an electron reservoir capable of intramolecular electron
transfer, or (4) both metal centers operate independently and react with one CO2 molecule each.
In cases (2) and (3), the metal fragment that does not bind CO2 can be thought of more simply as
(2) an elaborate ligand substituent of variable electronics depending on its redox state, or (3) a
pendant redox mediator that supplies electron(s) to the active site; neither of which would give a
half-order dependence on catalyst concentration.
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1.4.2 Catalytic rates and faradaic efficiencies
With these results in hand, we sought to compare the catalytic rates of the cis and trans
conformers along with Re(bpy)(CO)3Cl and its anthracene-functionalized derivative, anthryl-Re.
The quantity (icat/ip)2 can serve as a useful benchmark of catalytic activity that is proportional to
turnover frequency (TOF) as shown in equation 2, where ν is the scan rate, np is the number of
electrons transferred in the noncatalytic Faradaic process, R is the ideal gas constant, T is the
temperature (in K), and ip is the peak current observed for the catalyst in the absence of
substrate.58,59
𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 [𝐶𝐶𝐶𝐶2 ] =

2
3
𝐹𝐹𝐹𝐹𝑛𝑛𝑝𝑝
0.4463 2 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐
�
� � �
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅𝑅𝑅
𝑖𝑖𝑝𝑝

(2)

Application of eq 2 requires steady state behavior, which can often be established at
sufficiently fast scan rates that avoid substrate depletion and give rise to a limiting catalytic
current plateau. Linear sweep voltammograms of cis-Re2Cl2 (1 mM), trans-Re2Cl2 (1 mM), and
the mononuclear catalysts (2 mM) were conducted in DMF/0.1 M Bu4NPF6 solutions under
argon and CO2 as a function of scan rate (Figure A14). While scan rate independence was not
completely reached, estimated TOFs using eq 2 are plotted versus scan rate in Figure A15 where
TOFs of 35.3, 22.9, 11.1, and 19.2 s-1 were identified for cis-Re2Cl2, trans-Re2Cl2,
Re(bpy)(CO)3Cl, and anthryl-Re, respectively. Alternatively, Costentin and Savéant's foot-ofthe-wave analysis (FOWA)85,919293 can be applied to find intrinsic catalytic rates via equation 3:

𝑖𝑖

𝑖𝑖𝑝𝑝

=

𝑅𝑅𝑅𝑅

2.24�
2𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 [𝐶𝐶𝐶𝐶2 ]
𝐹𝐹𝐹𝐹𝑛𝑛3
𝑝𝑝

(3)

𝐹𝐹
1+𝑒𝑒𝑒𝑒𝑒𝑒�𝑅𝑅𝑅𝑅(𝐸𝐸−𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 )�
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This electroanalytical method provides access to a TOF maximum, in which the observed
catalytic rate constant kcat can be determined at the foot of the catalytic wave where competing
factors (i.e. substrate depletion, catalyst inhibition or decomposition) are minimal. Indeed, scan
rate independent TOFs were obtained by FOWA (Figure A16). In eq 3, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 is the half-wave

potential of the catalytic wave. From the slope of the linear portion of a plot of i/ip versus

1/{1+exp[(F/RT)(𝐸𝐸–𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 )]}, kcat can be calculated. The maximum TOF under saturation
conditions is then found from TOF = kcat[CO2].

Maximum TOFs determined via FOWA for the dinuclear catalysts (11.0 s-1, cis-Re2Cl2;
4.4 s-1, trans-Re2Cl2) are higher than that of the mononuclear parent catalyst (1.5 s-1) at the same
effective concentrations. Likewise, the cis conformer is considerably more active than its trans
counterpart, consistent with the estimated TOFs from eq 2. With regards to anthryl-Re (4.1 s-1),
the pendant anthracene results in a higher TOF relative to unsubstituted Re(bpy)(CO)3Cl whereas
very similar rates (via both electroanalytical equations) are observed relative to trans-Re2Cl2.
Comparable TOFs of anthryl-Re and trans-Re2Cl2 are consistent with the isolated active sites of
the dinuclear complex on opposite sides of the anthracene bridge. Notably, slow catalysis begins
after the first overlapping one-electron reductions at around -1.9 V with dinuclear catalysts,
while no activity is observed until the second reduction at -2.1 V for the monomers.
Brønsted acids are frequently added to polar aprotic solvents to promote the protoncoupled reduction of CO2. Indeed, significant enhancements in the electrocatalytic CO2 reduction
activity of mononuclear Re catalysts have been observed with various proton source
additives.23,94,95 The influence of four different acids (water, methanol, phenol, and 2,2,227

trifluoroethanol (TFE)) on the CO2 reduction activity of cis-Re2Cl2 in DMF was investigated
(Figure A17). This selection of proton sources affords a good range of acidity with the following
pKas reported in DMSO:96 31.4 (H2O),97 29.0 (MeOH),97 23.5 (TFE),98 18.0 (PhOH).99 Catalyst
cis-Re2Cl2 shows a decrease in current upon addition of these acids. However, the onset of fast
catalysis is significantly more positive after the addition of a proton source relative to anhydrous
DMF. From cyclic voltammetry, added water produces the most promising catalytic activity for
CO2 reduction with cis-Re2Cl2 of the four Brønsted acids investigated, taking into account its
nominal activity under argon. Accordingly, the amount of added H2O was optimized for cisRe2Cl2 by plotting icat vs H2O concentration where catalysis reached a maximum with 3 M H2O
(Figure A18). The catalytic activity of each catalyst in the presence of 3 M H2O is shown in
Figure 8 for comparison.
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A

B

C

D

Figure 8. Cyclic voltammograms of A) 1 mM cis-Re2Cl2, B) 1 mM trans-Re2Cl2, C) 2 mM
Re(bpy)(CO)3Cl, and D) 2 mM anthryl-Re with 3 M H2O in DMF/0.1 M Bu4NPF6 under Ar
(black) and CO2 (red), glassy carbon disc, 𝜈𝜈 = 100 mV/s.

A thermodynamic potential of -0.73 V vs Fc+/0 for the 2e–/2H+ CO2/CO couple in pure

DMF has been determined via a thermochemical approach.100 In the presence of a Brønsted acid,
this standard potential shifts according to equation 4, in which the pKa of the acid must be taken
into account.100
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0
𝐸𝐸 = 𝐸𝐸𝐶𝐶𝐶𝐶
− 0.0592 ∙ 𝑝𝑝𝑝𝑝𝑎𝑎
2 /𝐶𝐶𝐶𝐶(𝐷𝐷𝐷𝐷𝐷𝐷)

(4)

As previously described, carbonic acid (H2CO3, pKa = 7.37) is more acidic than water in
DMF, so its pKa was used in eq 4 to give an estimated reduction potential of -1.17 V for the
CO2/CO couple in DMF/H2O solutions.62,63 Using these standard potentials, a summary of TOFs
from anhydrous DMF and observed overpotentials from Figure 5 and Figure 8, based on Ecat/2, is
presented in Table 3. Ecat/2 is a reliable metric that corresponds to the steepest point, or nearly so,
in the catalytic wave of the current-potential profile.101
Table 3. Summary of electrocatalysis obtained from cyclic voltammetry.
Catalyst

TOF (s-1)
eq 2

TOF (s-1)
eq 3

cis-Re2Cl2

35.3

11.0

trans-Re2Cl2

22.9

4.4

Re(bpy)(CO)3Cl

11.1

1.5

anthryl-Re

19.2

4.1

Ecat/2
(𝜂𝜂)a
-2.29
(1.56)
-2.34
(1.61)
-2.22
(1.49)
-2.26
(1.53)

Ecat/2
(𝜂𝜂)b
-2.09
(0.92)
-1.95
(0.78)
-2.04
(0.87)
-2.18
(1.01)

a. Anhydrous DMF, b. DMF with 3 M H2O. Ecat/2 is the potential at which the current is equal to
0
icat/2. Overpotentials reported here were calculated from expression: 𝜂𝜂 = �𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 − 𝐸𝐸𝐶𝐶𝐶𝐶
�.
2 /𝐶𝐶𝐶𝐶
Controlled potential electrolyses were carried out to identify products and Faradaic
efficiencies in an air-tight electrochemical cell using a glassy carbon rod working electrode and
CO2-saturated solutions. The applied potential (Eappl) corresponds to the potential at which
maximum current was observed in cyclic voltammograms taken in the same set-up prior to
electrolysis. Headspace gases and electrolytic solutions were analyzed by gas chromatography,
1

H NMR, and FTIR spectroscopies.102-104 CO was found to be the only detectable product under
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these conditions where Eappl is -2.4 or -2.5 V (Table 4). No other products were observed. In
addition to infrared spectroscopy, a titration with barium triflate was also conducted to
investigate carbonate as a potential product. Formation of BaCO3 was not apparent.20,102,103 The
absence of carbonate indicates that the dinuclear catalysts do not mediate the reductive
disproportionation of CO2, i.e. 2CO2 + 2e− �⎯� CO + CO2−
3 at these potentials, consistent with

earlier results with Re(bpy)(CO)3Cl in DMF solutions.47 It is well-established that under

anhydrous conditions protons can be generated by Hofmann degradation of the quaternary
alkylammonium cation of the supporting electrolyte.47,98,105 This degradation is thought to arise
from a highly basic metal carboxylate intermediate that is capable of deprotonating the
tetrabutylammonium ion,98,105 consistent with infrared stopped-flow measurements in the
absence of an added proton source.106
Table 4. Summary of controlled potential electrolyses and Faradaic efficiencies for CO2
reduction under various conditions.
Catalyst
cis-Re2Cl2
trans-Re2Cl2
Re(bpy)(CO)3Cl
cis-Re2Cl2
(3 M H2O)
trans-Re2Cl2
(3 M H2O)
Re(bpy)(CO)3Cl
(3 M H2O)
cis-Re2Cl2
cis-Re2Cl2
trans-Re2Cl2
cis-Re2Cl2
(3 M H2O)

Time (min)
60
60
60

Eappl (V)
2.5
2.5
2.5

Charge Passed (C)
1.52 ± 0.32
0.60 ± 0.08
1.17 ± 0.15

CO (%)
81 ± 1
89 ± 6
78 ± 10

60

2.4

0.96 ± 0.22

59 ± 5

60

2.4

1.01 ± 0.09

74 ± 1

60

2.4

0.92 ± 0.29

65 ± 6

180
600
180

2.0
2.0
2.0

2.24 ± 0.37
5.94 ± 0.82
1.01 ± 0.12

600

2.0

6.27 ± 0.03
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52 ± 5
49 ± 5
47 ± 3

trans-Re2Cl2
(3 M H2O)

600

2.0

4.46 ± 0.11

49 ± 6

At lower applied potentials, Re(bpy)(CO)3Cl is known to catalyze the reductive
disproportionation of CO2 through the so-called “one-electron pathway”. 47 Following its oneelectron reduction, the parent catalyst reduces CO2 in a bimolecular process to give CO and
CO32–. In this mechanism, two singly-reduced catalysts are proposed to bind CO2 to generate a
Re2 carboxylate-bridged intermediate that undergoes insertion with a second equivalent of CO2
before reductive disproportionation. Here, CO2 acts as an oxide acceptor to facilitate a protonindependent conversion of CO2 to CO. By inference, less basic intermediates are generated at
these less reducing potentials and oxide transfer to CO2 is favored over Hofmann degradation.
We note that the hydrogen-bonded Re(bpy) dimers developed by Kubiak and coworkers also
promote this bimolecular pathway with enhanced rates.58,59
In this context, we investigated the cis and trans conformers at applied potentials
immediately following the first overlapping one-electron reductions. Controlled potential
electrolyses were conducted in anhydrous DMF/0.1 M Bu4NPF6 as well as solutions containing 3
M H2O. Unsurprisingly, trans-Re2Cl2 was found to catalyze the reductive disproportionation of
CO2 at an applied potential of -2.0 V in anhydrous DMF. Given its solid-state structure, catalytic
activity analogous to Re(bpy)(CO)3Cl was expected for the trans conformer and carbonate was
identified as a co-product by infrared spectroscopy with strong C-O stretching frequencies
observed at ~1450 and 1600 cm-1 (Figure 9) and subsequent precipitation of BaCO3 from DMF

solutions. 103,107 Conversely, carbonate was not observed with cis-Re2Cl2. In order to bolster this
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result and ensure that carbonate is not simply sequestered in a stable species (i.e. bound between
Re centers), long-term electrolysis were performed in which the evolved CO amounts to greater
than 2 turnovers with respect to moles of catalyst in solution. On this basis, cis-Re2Cl2 does not
catalyze the reductive disproportionation of CO2, consistent with the infrared spectra in Figure 9.
Presumably, restricted rotation of the Re(bpy) fragments in cis-Re2Cl2 impedes the CO2 insertion
step and favors protonation of the CO2 adduct by slow Hofmann degradation.

B

cis-Re2Cl2

Figure 9. FTIR spectra of A) trans-Re2Cl2 and B) cis-Re2Cl2 samples before and after
electrolysis. Electrolyzed solutions are evaporated to dryness and washed with the
dichloromethane to remove the Bu4NPF6 electrolyte. The resulting solid is analyzed.
With 3 M H2O, at the lower applied potential (-2.0 V vs Fc+/0), carbonate or bicarbonate
is not produced by cis-Re2Cl2 or trans-Re2Cl2. Authentic samples of tetrabutylammonium
carbonate and tetrabutylammonium bicarbonate were synthesized107,108 and detected by FTIR
using the established protocol and barium triflate titration to validate these results. The presence
of water as a proton source enables the proton-coupled reduction of CO2, i.e. CO2 + 2H+ +
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2e– → CO + H2 O, at lower overpotentials. Representative charge-time profiles from electrolyses
in DMF solutions are overlaid in Figure A19. Experiments were performed in duplicate and
results are summarized in Table 4.
1.4.3 UV-Vis spectroelectrochemistry
Additional insight into the electrocatalytic CO2 reduction mechanisms of the cis and
trans conformers was gained from UV-Vis spectroelectrochemical measurements. Data was
collected stepwise at increasingly negative applied potentials under argon atmosphere using a
thin-layer cell with a “honeycomb” working electrode. Representative absorption spectra vs time
(Figure 10) are shown for cis-Re2Cl2 and trans-Re2Cl2.

D

Figure 10. UV-Vis spectroelectrochemistry with A) 0.5 mM cis-Re2Cl2 at -1.7 V vs Ag/AgCl, B)
0.5 mM trans-Re2Cl2 at -1.7 V vs Ag/AgCl, C) 0.5 mM cis-Re2Cl2 at -2.0 V vs Ag/AgCl, D) 0.5
mM trans-Re2Cl2 at -2.0 V vs Ag/AgCl in Ar-saturated DMF/0.1 M Bu4NPF6 solutions.
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trans-Re2Cl2 catalysts display a new absorption peak at 517 nm, consistent with the oneelectron reduced species.109 The terminology used here refers to reduction at a single rhenium
site to facilitate comparison with earlier studies on mononuclear catalysts. The catalysts have
been reduced by two electrons in total. At a more negative applied potential of -2.0 V vs Ag+,
absorption bands at 562 nm (cis-Re2Cl2) and 570 nm (trans-Re2Cl2) appear, indicative of the
two-electron reduced species.17 Upon closer inspection of the absorption spectra obtained with
Eappl = -1.7 V vs Ag+, a broad band centered around 850 nm also emerges for the trans
conformer. This feature is characteristic of a Re-Re bonded dimer,17 presumably a Re4 species in
this case formed from two equivalents of trans-Re2Cl2. Characteristic absorption features of a
Re-Re dimer, however, were not observed in experiments with cis-Re2Cl2. We reasoned that an
added benefit of the rigid anthracene backbone is constraining the metal centers from Re-Re
bond formation, a known deactivation pathway.
DFT calculations were conducted to probe the likelihood of forming the neutral Re-Re
dimer or its one-electron reduced product with cis-Re2Cl2. Optimized geometries are shown in
Figure 11. Calculated distances between rhenium centers are 3.38 Å for the neutral species and
3.52 Å for the radical anion. Solid-state structures of the corresponding dimers prepared from
Re(bpy)(CO)3Cl reduction have been characterized by X-ray crystallography.52 A Re-Re bond
distance of 3.0791(13) Å was found in the neutral dimer and a longer distance of 3.1574(6) Å
was determined in the reduced dimer.52 Given the calculated intermetallic distances for the
anthracene-based catalyst in conjunction with the spectroelectrochemical data, the Re-Re bonded
dimer is likely inaccessible following reduction of cis-Re2Cl2, or limited to a transient
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interaction. These results are consistent with the improved stability observed in controlled
potential electrolyses with cis-Re2Cl2.
●-

+e–

Re-Re distance: 3.38 Å

Re-Re distance: 3.52 Å

Figure 11. Possible intermediates following reduction and chloride dissociation from cis-Re2Cl2.
DFT optimized structures of a neutral dinuclear rhenium species and its one-electron reduced
radical anion.
It is clear from the structure of trans-Re2Cl2 and the observed reactivity that catalysis
occurs by well-established pathways known for Re(bpy)(CO)3Cl (catalytic cycles are shown in
Figure A20), including the “one-electron” bimolecular reductive disproportionation mechanism
at applied potentials just after the initial overlapping one-electron reductions of the Re2 complex
under anhydrous conditions. Carbonate is a co-product of this pathway for trans-Re2Cl2. In the
presence of 3 M H2O or more negative potentials, CO2-to-CO conversion occurs, but with water
as the co-product. Different behavior is observed for cis-Re2Cl2. Proposed catalytic cycles for the
two applied potential regimes -2.0 V and ≤ -2.4 V are given in Figure 12 and Figure A21,

respectively. In contrast to the mononuclear catalyst and trans-Re2Cl2, the cis conformer does
not generate carbonate at applied potentials immediately following the initial overlapping one36

electron reductions. This difference in reactivity is presumably a consequence of the proximal
active sites being confined by hindered rotation about the anthracene bridge. With this catalyst,
CO2 is unable to act as an oxide acceptor by CO2 insertion into the Re-O bond of the bridging
carboxylate; instead, CO2 reduction is governed by protonation via Hofmann degradation of the
supporting electrolyte. Along these lines, Kubiak’s dynamic hydrogen-bonded dinuclear system
mediates reductive disproportionation at low applied potentials, analogous to the “one electron”
pathway of Re(bpy)(CO)3Cl and consistent with its flexibility to accommodate a CO2 insertion
step.58,59 The proposed mechanism of cis-Re2Cl2 at more negative potentials (Figure A21) is
similar to Figure 12, but with fast catalysis coinciding with further reduction of the catalyst.
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Figure 12. Proposed mechanism for cis-Re2Cl2 at Eappl = -2.0 V vs Fc+/0 in DMF/0.1 M Bu4NPF6.

1.5 Conclusion
We have described a novel ligand platform that gives access to isolable cis and trans
conformers comprised of two rhenium active sites. Indeed, the conformers were purified by
silica gel chromatography and characterized. Consistent with its NMR spectra, a crystal structure
of trans-Re2Cl2 confirmed the asymmetric orientation of Re sites on opposite sides of the
anthracene bridge. In contrast, the combined data (1H NMR, FTIR, reactivity studies) indicate
that the cis conformer is a symmetric species in which the Re sites are on the same side of the
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anthracene backbone with their chloro ligands directed toward one another. Both Re2 compounds
are active electrocatalysts for reducing CO2 to CO. From mechanistic studies, a pathway
involving bimetallic CO2 activation and conversion was identified for cis-Re2Cl2 whereas wellestablished single-site and bimolecular pathways, analogous to that of Re(bpy)(CO)3Cl, were
observed for trans-Re2Cl2.
Catalytic rates were measured by cyclic voltammetry for cis-Re2Cl2, trans-Re2Cl2,
Re(bpy)(CO)3Cl, and anthryl-Re with estimated TOFs of 35.3, 22.9, 11.1, and 19.2 s-1,
respectively. The maximum TOFs of trans-Re2Cl2 and anthryl-Re (at twice the concentration)
are approximately equal showing the effect of the pendant anthracene on catalytic activity in
comparison to Re(bpy)(CO)3Cl and with each having single-site reactivity. On the other hand,
the cis conformer clearly outperforms the trans conformer in terms of catalytic rate and stability,
indicating the structure of cis-Re2Cl2 enables improved performance. Indeed, a change in
mechanism is observed at low applied potentials in anhydrous conditions where carbonate is not
formed as a co-product. Synergistic catalysis by cooperative active sites in cis-Re2Cl2 are
hypothesized. Spectroelectrochemical measurements indicate that cis-Re2Cl2 does not form a
deactivated Re-Re bonded species. The catalyst structure delivers a unique form of protection for
catalyst longevity as intermolecular deactivation pathways are limited by the cofacial
arrangement of active sites, while the rigid anthracene backbone prevents intramolecular Re-Re
bond formation.
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CHAPTER II
PHOTOCHEMICAL CO2 REDUCTION WITH MONONUCLEAR AND DINUCLEAR
RHENIUM CATALYSTS BEARING A PENDANT ANTHRACENE CHROMOPHORE
2.1 Introduction
For photocatalytic applications, the presence of two metal centers may enable more
efficient accumulation of reducing equivalents for improved CO2 conversion.1 Dinuclear
rhenium catalysts, tethered together by flexible alkyl chains linking two bipyridines, have been
reported for photocatalytic CO2 reduction.57,110These catalysts were shown to outperform their
mononuclear parent catalyst with greater durability and higher TOFs observed as the alkyl chain
was shortened. However, this approach lacks structural integrity and samples indiscrete
conformations in solution. Other Re2 catalysts have not been studied photocatalytically or feature
ligand scaffolds that preclude intramolecular bimetallic CO2 activation and conversion.58,59,60,62
Thus guidelines for designing more effective dinuclear catalysts for CO2 reduction can be
improved.
In general, plausible pathways for accelerated catalysis with a dinuclear complex relative
to a mononuclear analogue include: (1) cooperative catalysis in which both metal centers are
involved in substrate activation and conversion, or (2) one site acting as an efficient, covalentlylinked photosensitizer (PS) to the second site performing CO2 reduction. The key steps from
40

these hypothesized pathways are shown in Figure 13. Concerning the dual active site
mechanism (1), an intramolecular pathway may exist involving cooperative binding of the
substrate where CO2 is bridged between rhenium centers, potentially increasing the basicity of
CO2 and the rate of catalysis by facilitating C-O bond cleavage and the elimination of water in
subsequent steps. Intramolecular CO2 binding between metal centers is only expected for cisRe2Cl2 since CO2 is geometrically inhibited from interacting with both rhenium centers in transRe2Cl2.
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Figure 13. Key steps in potential pathways (1) and (2) with dinuclear rhenium catalysts.
Analogous intramolecular electron transfer is expected with cis-Re2Cl2 in the PS pathway (2).
For the photosensitizer pathway (2), it is generally accepted that Re(bpy)(CO)3Cl
functions through a bimolecular pathway where one complex operates as a photosensitizer (PS)
and a second complex operates initially as a photocatalyst for the first reduction, then as an
electrocatalyst which receives the second electron needed for the 2e– reduction of CO2 to CO
from a reduced PS in solution.1 In this pathway, cis-Re2Cl2 and trans-Re2Cl2 are predicted to
have superior reactivity to mononuclear derivatives since both dinuclear systems could utilize
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one Re site as a PS and the second as the catalyst, thereby increasing the relative concentration of
PS near the active site. This effect would be most dramatic at low concentrations where the
intermolecular reaction necessary for the monomers would be slow. Higher durability at low
concentrations is known for photocatalyst systems; however, most rely on a high PS loading to
keep the effective concentration of PS high in the dilute solution.111,112 The approach pursued
here may enable a high rate of reactivity to be retained at low concentrations while promoting
increased durability.
Sufficiently long-lived excited states are required for efficient solar-to-chemical energy
conversion, where longer lifetimes result in more efficient excited-state quenching to generate
catalytic species. One avenue to more persistent excited states in metal polypyridine complexes
is to link them with organic chromophores possessing long-lived triplet excited states where
decay pathways are strongly forbidden.113-117 Anthryl substituents have served effectively as the
organic component in a variety of systems.115-117 Important light absorption and excited-state
decay pathways of such systems are depicted in Scheme 2 where excited states are ultimately
funnelled downhill by internal conversion and/or intersystem crossing to the anthracene-based
triplet excited state. Scheme 2 also shows that the anthracene triplet state has enough energy to
produce the 1e– reduced Re complex in the presence of easily oxidized sacrificial electron donors
such as BIH.
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Scheme 2 Light absorption and excited-state electron transfer pathways in Re compounds with
pendant anthracene.
Beyond anthracene’s potential to act as a triplet excited-state acceptor, a rigid scaffold
for promoting cooperative bimetallic reactivity, and its impact on reduced species as a large πsystem with extended delocalization, the anthracene moiety also functions as a sterically bulky
group that may inhibit deleterious intermolecular catalyst deactivation pathways. Indeed, an
iridium-based single-component photocatalyst bearing an anthracene substituent was recently
reported for CO2 reduction with improved stability.118 The steric bulk of the anthracene was
thought to deter bimolecular deactivation of the one-electron reduced catalyst, and a partially
deactivated, low-lying anthracene triplet state may also play a role in photoprotection.118
In this context, we report the photocatalytic activity and photophysical properties of the
dinuclear Re complexes shown in Figure 14. For comparison, experiments employing the same
set of conditions were also performed in parallel with mononuclear chromophore/catalysts
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Re(bpy)(CO)3Cl and anthryl-Re to disentangle the effect of more than one metal active site as
well as the possible involvement of the pendant organic chromophore in photocatalytic activity.
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Figure 14. Structures of Re photocatalysts studied for CO2 reduction.
2.2 Experimental section
2.2.1 Materials and characterization
Unless otherwise noted, all synthetic manipulations were performed under N2 atmosphere
using standard Schlenk techniques or in an MBraun glovebox. Toluene was dried with a Pure
ProcessTechnology solvent purification system. Acetonitrile was distilled over CaH2 and stored
over molecular sieves before use. The rhenium precursor Re(CO)5Cl was purchased from Strem
and stored in the glovebox. 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH) was
prepared according to a published procedure.119 The parent catalyst, Re(bpy)(CO)3Cl,74 and
anthracene-functionalized rhenium catalysts cis-Re2Cl2, trans-Re2Cl2, and anthryl-Re were
prepared as previously described.44 DMF was distilled with 20% of the solvent volume forecut,
and 20% of the solvent volume left in the distillation flask to ensure high purity. DMF was
freshly distilled and stored in a flame-dried round bottom flask under argon before being
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discarded biweekly. Triethylamine (TEA) was freshly distilled prior to use. All other chemicals
were reagent or ACS grade, purchased from commercial vendors, and used without further
purification. 1H and 13C NMR spectra were obtained using a Bruker Advance DRX-500
spectrometer operating at 500 MHz (1H) or 126 MHz (13C). Spectra were calibrated to residual
protonated solvent peaks; chemical shifts are reported in ppm.
2.2.2 Photocatalysis equipment and methods
A 150 W Sciencetech SF-150C Small Collimated Beam Solar Simulator equipped with
an AM 1.5 filter was used as the light source for photocatalytic experiments. Samples were
placed ∼10 cm from the source; the distance at which 1 sun intensity (100 mW/cm2) was verified
with a power meter before each measurement. Headspace analysis was performed using a gas
tight syringe with a stopcock and an Agilent 7890B Gas Chromatograph (GC) equipped with an
Agilent Porapak Q 80-100 mesh (6 ft x 1/8 in x 2.0 mm) Ultimetal column. Quantification of CO
and CH4 was determined using a methanizer coupled to an FID detector, while H2 was quantified
using a TCD detector. All calibrations were done using standards purchased from BuyCalGas.
com. Formate analysis was done according to a previously reported procedure.120
2.2.3 Photophysical measurement equipment and methods
Luminescence spectra were obtained with a PTI Quanta Master spectrofluorimeter
equipped with single grating monochromators and a PMT detector. Spectra were not corrected
for PMT wavelength response. Transient absorption spectra and excited state lifetimes were
obtained using an Applied Photophysics LKS 60 optical system with an OPOTek OPO (< 4 ns
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pulses) pumped by a Quantel Brilliant Laser equipped with doubling and tripling crystals.
Excitation of the chromophores was typically at 420 nm using samples having an optical density
of about 0.5. Samples (4 mL volume) containing the Re complex were degassed by nitrogen
bubbling for 20 min immediately prior to data acquisition.
2.2.4 Photocatalysis procedure
To a 17 mL vial was added BIH (0.05 g, 0.24 mmol), DMF (1.8 mL), catalyst (as a 0.2
mL DMF stock solution). The solution was bubbled vigorously with CO2 for at least 15 minutes
until the solution volume reached 1.9 mL. Then, 0.1 mL of CO2 degassed TEA was added, the
tube was sealed with a rubber septum, and irradiated with a solar simulator for the indicated
time. During the photolysis, headspace analysis was performed at 20, 40, 60, 120, and 240
minute time points. A 300 μL headspace sample was taken with a VICI valve syringe. The gas
in the syringe was compressed to 250 μL and the tip of the syringe was submerged in a
solution of diethyl ether before the valve was opened to equalize the internal pressure to
atmospheric pressure prior to injecting the contents of the syringe into the GC. The entire 250 μL
sample was then injected onto the GC. All experiments are average values over at least 2
reactions. Turnover number (TON) values were calculated by dividing moles of product (carbon
monoxide) by moles of catalyst in solution. Reported turnover frequency (TOF) values were
determined from the fastest 20 minute time period of photocatalysis within the first 40 minutes
as an estimate of the initial rate prior to significant catalyst deactivation and to account for
induction periods (i.e. The TON for an initial 20 minute segment was divided by 0.33 h to obtain
the reported TOF (h-1)).
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2.2.5 Quantum yield measurements
Measurements were conducted similarly to a method previously described.121 The
number of moles of CO produced was monitored over time in 20 minute increments for the first
hour and then hourly after this time period. The segment of time producing the most CO per hour
was used in the calculations for quantum yield to give the maximum quantum yield observed (1
hour time point in these cases). The photon flux in the reaction was calculated by measuring the
incident power density with a power meter (Coherent Field Mate with a Coheren PowerMax
PM10 detector). The solar simulator spectrum was cut off with a 700 nm cutoff filter since the
catalysts do not absorb light beyond 700 nm. Through this method the power density was
estimated to be 57.3 mW/cm2. The illuminated reaction area was measured to be 1.69 cm2 which
gives 96.9 mW or 9.69 x 10-2 J/s to the sample. The photon wavelength was taken as centered at
400 nm since each of the catalysts show a low energy transition shoulder in the UV-Vis
absorption spectrum at 400 nm for an energy of 4.97 x 10-19 J. This gives 1.95 x 1017 photon
per second in the reaction, which was used to calculate the quantum yield over the most
productive CO generating time frame via the equation:
φCO = [(number of CO molecules x 2)/(number of incident photons)] x 100%
Anthracene + e− ⇋ (Anthracene)–
3

(Anthracene) → Anthracene

BIH ⇋ BIH+ + + e−

𝐸𝐸(𝐴𝐴𝑁𝑁/𝐴𝐴𝐴𝐴−) = -2.25 V vs Fc+/0
𝑜𝑜𝑜𝑜𝑜𝑜

𝐸𝐸𝑔𝑔

~ 1.8 eV

𝐸𝐸(𝐵𝐵𝐵𝐵𝐵𝐵 +/𝐵𝐵𝐵𝐵𝐵𝐵) = -0.24 V vs Fc+/0
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(1a)
(1b)
(1c)122

2.3 Results and discussion
2.3.1 Photophysical measurement
For photosensitizer-free catalysis, the rhenium catalysts are initially photoexcited directly
into their long wavelength metal-to-ligand charge transfer (MLCT) absorption. This is followed
by reductive quenching in the presence of a sacrificial donor to form a ligand-centered radical
anion. With Re(bpy)(CO)3Cl, the ligand-centered anion is delocalized on the bpy ligand prior to
Cl– dissociation.55,109 In the Re2Cl2 complexes, the Re(bpy) units are in weak electronic
communication via the anthracene backbone (comproportionation constants (KC) of 50 were
determined electrochemically for each conformer),44 which could facilitate intramolecular
electron transfer between active sites.
As will be shown below, direct irradiation of the Re complexes in the presence of a
sacrificial electron donor leads to CO2 reduction to CO. While photocatalysis was expected, the
nature of the lowest energy excited state is different for the catalysts bearing anthracene versus
Re(bpy)(CO)3Cl. In deaerated solutions (N2) all three anthracene containing complexes exhibit
luminescence in the yellow/red spectral region as well as structured emission at longer
wavelengths (Figure B1). The lifetime of the yellow/red emission is approximately 400 ns for the
monometallic anthryl-Re complex, and 200 ns for both bimetallic Re complexes. The long
wavelength emission (with vibronic components having maxima at 688-700 nm and 764-772
nm) has a double exponential decay with one component being 6-15 µs and the other 23-90 µs
(Table B1). This luminescence is completely quenched in the presence of O2 and, given the
energy, lifetime and O2 quenching behavior, this emission almost certainly arises from an
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anthracene-localized triplet state obtained following energy transfer from the 3MLCT excited
state.123 This behavior is similar to reported metal polypyridine photo-sensitizers with pendant
anthracene (or pyrene) functionality.116,117,124
It is not clear for these systems how the anthracene-localized triplet reacts with the BIH
electron donor to generate the reduced Re complex (quenching data shown in Figure B2).
Reduction of the anthracene-localized triplet (E0 ∼ 1.8 eV) by BIH to generate the anthracene
anion / BIH cation pair is thermodynamically uphill by at least 0.21 V (Scheme 2).122For the
reduced Re/oxidized BIH pair, the energy is 1.36 V above the ground state (Scheme 2) and is
therefore accessible from the anthracene triplet (at 1.8 eV), but involves electron transfer
between the Re complex and the BIH while using the energy of the anthracene triplet. Note that
an intramolecular photoredox reaction between the anthracene triplet and the Re center
(𝐸𝐸(𝐴𝐴𝐴𝐴+/𝐴𝐴𝐴𝐴) ∼ 0.8 V; 𝐸𝐸(𝑅𝑅𝑅𝑅(𝑏𝑏𝑏𝑏𝑏𝑏)/𝑅𝑅𝑒𝑒(𝑏𝑏𝑏𝑏𝑏𝑏)−) ∼ -1.5 V) is also endergonic. Regardless of mechanism,

these data clearly indicate that photoexcitation of the three anthryl Re complexes results in an

excited state that is largely localized on the anthracene as a triplet. Excited-state electron transfer
between this triplet and BIH occurs (kq ∼ 1-5 x 107 M-1s-1 for the three complexes) to produce the
reduced complex/oxidized BIH pair that, following decomposition of the BIH cation radical,
leaves the reduced Re complex to react with CO2. Transient absorption spectroscopy shows that
the 1e– reduced Re complexes formed by BIH photoreduction under Ar or CO2 atmosphere
exhibit no reaction over the first ∼1 ms (Figure 15). This clearly indicates that disproportionation
and reaction with CO2 do not occur on this time scale.
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Figure 15. Transient absorption spectra at specified times after pulsed laser excitation (λex = 355
nm) of trans-Re2Cl2 in DMF under Ar purge (top) and trans-Re2Cl2 with BIH (0.01 M) under
CO2 purge (bottom). No reaction of the one-electron reduced trans-Re2Cl2 complex with CO2 is
evident in the first 800 µs following excitation.
2.3.2 Photocatalysis
Having found that anthracene plays a significant role in the photochemistry of cis-Re2Cl2,
trans-Re2Cl2, and anthryl-Re, we turned to photocatalytic CO2 reduction in the presence of BIH
to understand how a dinuclear approach affects catalysis in a rigidified framework.
Photocatalysis was conducted with a solar simulated spectrum and CO was the only product
observed by headspace GC analysis (Figure B3 and Figure B4).
Concentration effects were studied for all catalysts given the mechanistic implications
expected of these experiments (Figure 16, Table B2). Reported TOFs are for the fastest 20 min
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time period within the first 40 min as an estimate of the initial rate prior to significant catalyst
deactivation. Broadly comparing dinuclear complexes to mononuclear complexes, significantly
higher reactivity is observed at low concentrations (0.05 mM) for the dinuclear complexes (158128 TOF h-1, 105-95 TON) when compared to the mononuclear complexes (43-17 TOF h-1, 3416 TON). If the total concentration of metal centers is held constant, the mononuclear catalyst
concentration at 0.1 mM can be directly compared to the 0.05 mM dinuclear catalyst
concentration. This comparison shows a similar difference in the initial rates of mononuclear
versus dinuclear catalysts with the mononuclear catalysts showing TOF values of 43-23 h-1.
These results suggest a PS-based pathway is present as this explains how cis-Re2Cl2 and transRe2Cl2 have comparable reactivity despite their structure, while substantially outperforming the
mononuclear complexes at low concentrations where intermolecular collisions are fewer. As the
concentration increases, TOF and TON values converge to similar rates and durabilities for all
catalysts, presumably due to intermolecular deactivation pathways that are prevalent at high
concentrations. Interestingly, all of the anthracene-based catalysts effectively stop evolving CO
after the first hour, while Lehn’s benchmark catalyst continues CO production up to 2 hours. In
contrast to reported systems bearing sterically bulky substituents that showed improved stability
by limiting bimolecular deactivation pathways, anthryl-Re is found to be less durable (vide
infra).
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Figure 16. Left) TON vs catalyst concentration. Middle) TOF vs catalyst concentration. TOF is
fastest value measured within first two timepoints. Right) TON for CO production vs time for 0.1
mM cis-Re2Cl2, 0.1 mM trans-Re2Cl2, 0.2 mM anthryl-Re, and 0.2 mM Re(bpy)(CO)3Cl.
Conditions: DMF containing 5% triethylamine, 10 mM BIH; irradiated with a solar simulator
(AM 1.5 filter, 100 mW/cm2).
Comparing the two dinuclear catalysts, trans-Re2Cl2 has higher TOF and TON values at
the lowest concentration analyzed in Figure 16 (0.05 mM). As the concentration increases, TOF
and TON values diminish faster for the trans conformer relative to its cis counterpart;
qualitatively, their values follow similar trajectories. The faster decrease in TOF and TON for the
trans conformer suggests that it is more susceptible to intermolecular catalyst-catalyst
deactivation pathways. The performance trends for the Re2 complexes strongly suggests one
rhenium site is acting as a PS while the other performs catalysis. Moreover, these results indicate
intramolecular electron transfer between sites is similar for both dinuclear catalysts, consistent
with their equivalent KC values.44 To ensure the Re2 complexes are not photoisomerizing to the
same species in solution, the catalysts were independently irradiated in d6-DMSO under N2 for
up to 8 h. No appreciable interconversion of either isomer was observed by 1H NMR, which
suggests both species retain their conformation over the reaction period. At very low
concentrations (1 nM) where some photocatalytic systems show higher TON values,111 the
highest performing catalyst trans-Re2Cl2 gives a remarkable 40,000 TON for CO. Notably,
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carbon monoxide from Re(bpy)(CO)3Cl at 1 nM concentration was undetectable by the GC
system used in these studies.
The two mononuclear complexes show TON values at dilute concentrations that are
lower than that observed at intermediate concentrations before again decreasing to lower TONs
at high concentrations. The TON values for the mononuclear catalysts peak at approximately
0.1-0.2 mM with anthryl-Re peaking at a lower concentration than Re(bpy)(CO)3Cl. This
behaviour can be rationalized if the reaction is bimolecular as prior reports strongly suggest for
these types of systems.109 At low concentrations, a PS complex and a catalyst complex interact
less frequently and potential decomposition of either species is more competitive. At
intermediate concentrations, more productive reactions can occur between PS and catalyst
complexes. In the high concentration regime, catalyst-catalyst deactivation pathways become
competitive with CO production pathways. This highlights a key difference between the
mononuclear catalysts and the dinuclear systems which retain a high effective concentration of
PS as it is covalently linked to a reactive site at low overall concentration. This circumvents to
some degree the non-catalyst-catalyst deactivation mechanisms by maintaining a fast CO
production pathway. Comparing TOFs for the monomers, anthryl-Re has a ∼2-fold faster rate of
catalysis at low concentrations. A significantly higher molar absorptivity was measured at 370
nm for anthryl-Re (11,100 M-1cm-1) relative to Re(bpy)(CO)3Cl (3,800 M-1cm-1) and the excited
state lifetime of anthryl-Re is significantly longer than for Re(bpy)(CO)3Cl (> 1 µs vs < 100
ns)125 enabling a greater degree of BIH quenching. These factors may explain the difference in
rates at these concentrations (Figure B5,Table B1).
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2.3.3 Quantum yield
Quantum yield estimations also show a significant difference in the catalytic behaviour of
the mononuclear versus dinuclear catalysts (Figure B6,Table B2). Between 0.05 mM and 0.5
mM the dinuclear complexes have estimated quantum yields of 1.6-4.3% with higher
concentrations showing higher quantum yields. In the low concentration regimes, the dinuclear
catalysts have roughly double the quantum yield of the mononuclear catalysts. This offers
additional evidence that pathway 2 is operable in that both dinuclear complexes have relatively
high quantum yields at low concentrations. At the highest concentration evaluated (1.0 mM)
where the mononuclear catalyst can operate through an intermolecular PS pathway most
efficiently, Re(bpy)(CO)3Cl and the dinuclear catalysts have similar quantum yields (4.4-4.6%).
Based on previous work55,109 and the results described here, a proposed mechanism for the Re2
photocatalysts is shown in Figure 17, which illustrates a division of duties for the two active sites
and allows access to an exceptional TON value for carbon monoxide of 40 000.
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Figure 17. Proposed catalytic cycle for photochemical CO2 reduction to CO with the dinuclear
Re catalysts, cis-Re2Cl2 or trans-Re2Cl2. The trans conformer is shown in the specific example
above.
2.4 Conclusion
Two dinuclear Re catalysts with well-defined, shape persistent structures and a
mononuclear analogue have been studied for light-driven CO2 reduction. Their photocatalytic
properties have been explored in parallel with benchmark catalyst, Re(bpy)(CO)3Cl.
Incorporation of a pendant anthracene group on the bipyridyl ligand (anthryl-Re) had a modest
effect on the catalytic performance. In contrast, the Re2 catalysts perform significantly better
(∼4X higher TON) than the benchmark system when the relative concentration in rhenium is
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held constant (0.1 mM dinuclear vs 0.2 mM mononuclear). Despite the structural differences of
cis-Re2Cl2 and trans-Re2Cl2, their initial rates are comparable with both being dramatically faster
(∼6X higher) than the mononuclear complexes, which have comparable rates to each other. This
suggests that the mechanism for CO2 reduction may be similar for the two dinuclear complexes
and does not require a specific spatial orientation of the Re active sites. The excited-state kinetics
and emission spectra reveal that the anthracene backbone plays a more significant role beyond a
simple structural unit. Evidence of an anthracene triplet state is observed, and given the unlikely
event of direct reduction of the anthracene triplet state by sacrificial reductant BIH, a more
complex mechanism is likely taking place beyond the Re(bpy) excitation/BIH reduction kinetics.

56

CHAPTER III
ISOMERIZATION BARRIERS AND RESONANCE STABILIZATION FOR THE
CONROTATORY AND DISROTATORY ISOMERIZATIONS OF NITROGEN
CONTAINING TRYCYCLO MOIETIES
3.1 Introduction
The effect of electron delocalization on the stabilization of transition states in some
similar pericyclic isomerizations has been reported recently.126-129 In the isomerization of 1, the
lowest barrier was calculated to be 39.5 kcal mol-1, while the presence of a double bond in the
three carbon bridge in structure 2 provides for electron delocalization in the transition states (see
Figure 18), and the lowest allowed barrier (through TS2a) was 31.3 kcal mol-1 for the
isomerization: electron delocalization from the double bond provided 8 kcal mol-1 of stabilization
energy.
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Figure 18. Isomerization of tricyclo[4.1.0.02,7]heptane to cyclohepta-1,3-diene and
tricyclo[4.1.0.02,7]heptene to cyclohepta-1,3,5-triene.

Even for unsaturated 2 itself, the asymmetric position of C=C double bond leads to
various degrees of resonance effect.126 For the conrotatory channels, if the first bond cleaves
adjacent to the double bond in the bridge leading to TS2a, the barrier is 6.2 kcal mol-1 lower than
for the first bond breaking nonadjacent (through TS2b). For the disrotatory channels, the
difference is even greater with a barrier of 13.1 kcal mol-1 less when the first bond cleaves
adjacent to the double bond following the pathway to TS2a.
Including a heteroatom in the bridge provides an electron lone pair which can also affect
the isomerization barriers. The isomerization of 3-aza-dihydrobenzvalene to 1,2-dihydropyridine
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provides an example of the stabilizing effect by delocalization from lone pair electrons.127 Based
on whether the first breaking bond is adjacent or not to the N atom, four different isomerization
pathways are possible. For the two conrotatory pathways, the barrier for the nitrogen adjacent to
the first breaking bond was 3.7 kcal mol-1 lower than that of nitrogen nonadjacent. A more
substantial stabilization effect is seen for the two disrotatory pathways with a 9.1 kcal mol-1
energy difference. This is illustrated in Figure 19.

Figure 19. Isomerization of 3-aza-dihydrobenzvalene to 1,2-dihydropyridine.
In a recent paper, the isomerization barriers for 3-aza-benzvalene to pyridine have been
calculated128 (see Figure 20). For this structure, both the lone pair on nitrogen and the π electrons
from the double bond in the bridge could provide resonance stabilization. Both possible
pathways break bonds adjacent to the double bond, but only one adjacent to the N atom. The two
different allowed disrotatory pathways exhibited only 2.8 kcal mol-1 stabilization energy with the
lower barrier actually being for the bond breaking adjacent to the N atom. It is due to the
symmetric position of C=N double bond in the two-member bridge leading to the almost equal
effect of electron delocalization. The N atom lone pair is orthogonal to the π bonding electrons
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and is not in a favorable geometry to delocalize. For the forbidden conrotatory pathways, the
stabilization is 7.9 kcal mol-1 with the lowest barrier being for the first bond breaking
nonadjacent to the N atom, which is the result of steric effect.

Figure 20. Isomerization of 3-aza-benzvalene to Pyridine.
To gain insight into the stabilizing effect by both π bonding electrons and lone pair
electrons simultaneously, we have studied the thermal isomerization barriers for the disrotatory
and conrotatory isomerizations of 3,4-diazatricyclo[4.1.0.02,7]hept- 3-ene (DATCE) to 3H-1,2diazepine (DAP1 and DAP2 enantiomers) and 3,4,5-triazatricyclo[4.1.0.02,7]hept-3-ene (TATCE)
to 1H-1,2,3-triazepine (TAP1 and TAP2 enantiomers). The seven-member ring makes the
position of double bond asymmetric for the bicyclobutane moiety so there can be adjacent and
nonadjacent first bond cleavages. The possible delocalization effect of lone pair electrons was
studied by the substitution of carbon for nitrogen. For DATCE the first bond cleavage can be
adjacent or nonadjacent to the N lone pair, and for TATCE a N lone pair is always adjacent but
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the double bond can be either. For assessing just the influence of a N lone pair, we also included
the isomerization pathways for 3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA) for which only the
N lone pair is present and can be adjacent or nonadjacent to the first breaking bond. The
isomerization barriers of DATCE and DATCA will be compared with tricyclo[4.1.0.02,7]heptene
to confirm which factors would show greater contribution for molecular stabilization: π bonding
electrons or lone pair electrons. The isomerization of TATCE with an asymmetric position of the
N=N bond and symmetric position of nitrogen atom lone pairs offers a direct comparison of
electron delocalization effect from π bonding electrons and lone pair electrons in same molecular
structure.
This paper reports the thermal isomerization of 3,4-diazatricyclo-[4.1.0.02,7]hept-3-ene
(DATCE), 3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA), and 3,4,5triazatricyclo[4.1.0.02,7]hept-3-ene (TATCE) using ab initio methods at the multireference level.
These structures are shown in Figure 21. Transition state structures for each isomerization
pathway were located, and both the conrotatory and disrotatory pathways have been confirmed
by intrinsic reaction coordinate computations.

Figure 21. Structures of the Reactants, DATCE, DATCA, and TATCE.
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3.2 Computational methods
To examine both the conrotatory and disrotatory pathways at thesame computational
level, multiconfigurational self-consistent field calculations were performed. All the
multireference calculations were performed using GAMESS130. The active space consisted of the
C1-C2, C1-C3, C1-C4, C2-C3, and C2-C4 σ and σ∗ orbitals in the reactants (see Figure 21)
making 10 electrons in 10 orbitals, MCSCF(10,10). Two C-C bonds break in the bicyclobutane
moiety, and two C=C double bonds form during isomerization, so the active space in the
products consisted of three C-C σ and σ∗ orbitals plus two π and π∗ orbitals. The orbitals in the
active space were chosen after localization by Foster-Boys localization methods131. Geometry
optimizations were performed at the MCSCF(10,10) level using the cc-pVDZ basis set132.
Analytical gradients were employed for both geometry optimizations (first derivatives) and
harmonic frequency calculations (second derivatives). All transition structures had only one
imaginary frequency. Intrinsic reaction coordinates133 were calculated to verify the connection
of the located transition state to the correct reactant and product. Dynamic electron correlation
was included by performing single point energy calculations at the single state second order
MRMP134,135 level at the MCSCF optimized geometries using the cc-pVDZ basis set. The
resulting energies were used to compare the differences in isomerization barriers and strain
energy release. Some structures were also optimized and harmonic frequencies calculated at the
CCSD/cc-pVDZ level. Energies for these structures were determined using single point
calculations at the CCSD(T)/aug-cc-pVTZ level. To compare the MCSCF results with DFT, the
PBEPBE-D3 functional was used to determine the optimized geometries, energies, and harmonic
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frequencies for the reactants, transition states, and products using the cc-pVDZ basis set. For
MCSCF wavefunctions that show significant multireference character, an unrestricted, broken
spin symmetry wavefunction was used for the DFT calculations. The coupled cluster and DFT
calculations were performed using Gaussian 16.136
3.3 Results and discussion
3.3.1 3,4-Diazatricyclo[4.1.0.02,7]hept-3-ene
The isomerization of 3,4-diazatricyclo[4.1.0.02,7]hept-3-ene (DATCE) to the product 3H1,2-diazapine (enantiomers DAP1 and DAP2) is discussed in this section. DATCE belongs to
point group Cs with a symmetry plane containing atoms C3, N2, N1, C5, and C4. The molecular
structure of DATCE and its product DAP1 and DAP2 are illustrated in Figure 22.

Figure 22. Structures of 3,4-diazatricyclo[4.1.0.02,7]hept-3-ene (DATCE) and isomerization
products 3H-1,2-diazepine (DAP1 and DAP2).
The two structures DAP1 and DAP2 are enantiomers so have the same electronic energies.
The isomerization occurs by cleavage of two bonds in the bicyclobutane moiety. For one
channel, bond C1-C3 ruptures first and then C2-C4 second. Conversely, C2-C3 can break first
and then C1-C4 second. Both of these possibilities lead to the same transition state due to the Cs
symmetry of the DATCE reactant. Here, the first breaking bond is adjacent to a nitrogen atom
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(N2). A second channel exists in which the first breaking bond is adjacent to a carbon atom (C5)
leading to a different transition state. C1-C4 can break first and then C2-C3 second, or the
symmetrically equivalent C2-C4 bond breaking first and C1-C3 second. Considering the
Woodward-Hoffman symmetry rules, the isomerization can go through either conrotatory or
disrotatory pathways. For this structure, conrotatory is allowed while disrotatory is forbidden
which should have a significantly higher activation barrier. In detail, the isomerization of
DATCE can occur via four different pathways: two leading to product DAP1 and the other two
leading to product DAP2. For clarity, if the first breaking bond is adjacent to the nitrogen atom
(N2), the label “N” is used; if the first breaking bond is adjacent to the carbon atom (C5) the
label “C” is used. For the two controtatory pathways, if the first breaking bond is adjacent to N2
the transition state is labeled NconTS1 and if adjacent to the C5 atom is labeled CconTS1.
Conversely, for the disrotatory pathways, if the first breaking bond is adjacent to N2 the
transition state is labeled NdisTS and CdisTS if adjacent to C5.The two disrotatory pathways
lead directly to the product DAP1 while the two conrotatory pathways lead to an intermediate,
either NconInt or CconInt, which then can isomerize to the product DAP2. A schematic diagram
for the conrotatory and disrotatory reaction channels is shown in Figure 23, while the activation
barriers are given in Table 5.
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Figure 23. Schematic diagram for the isomerization of DATCE to DAP1 and DAP2.
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Table 5. Activation barriers, Ea, for each pathway (kcal mol-1) Including ZPE correction.
Reactiona
DATCE → DAP1
DATCE → DAP1
DATCE → NconInt
DATCE → CconInt
NconInt → DAP2
CconInt→ DAP2

TSa
NdisTS
NdisTS
NconTS1
NconTS1
NconTS2
NconTS2

MCSCFb
51.1
56.1
41.1
41.3
17.4
17.8

MRMP2c
44.3
56.5
36.1
37.9
14.1
15.5

PBEPBE-D3d
44.4e
52.9e
36.8
39.3
16.8
30.7

a

All geometries are optimized at the MCSCF(10,10)/cc-pVDZ level. b The energies are calculated
at the MCSCF/cc-pVDZ level. c The energies are calculated at the MRMP2/cc-pVDZ/MCSCF//ccpVDZ level. d The energies are calculated at the DFT/cc-pVDZ//MCSCF/cc-pVDZ level. e Broken
spin symmetric wave function. e Broken spin symmetry wavefunction.
3.3.1.1 Conrotatory pathways
The transition states NconTS1 and CconTS1 which connect the reactant DATCE and
intermediates NconInt and CconInt are presented in Figure 24 while the intermediates are shown
in Figure 25.

Figure 24. Transition state structures NconTS1 and CconTS1 for the two conrotatory pathways.
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Figure 25. Structures for the trans double bond intermediates NconInt and CconInt for the two
conrotatory pathways.

The two conrotatory pathways lead to isomerization intermediates via cyclic dienes with
a trans double bond. For NconTS1, the C1-C3 bond breaks first which is adjacent to N2; for
CconTS1, the C2-C4 bond breaks initially which is adjacent to C5. It can also be clearly seen
that the hydrogen on C1 for NconTS1 and C2 for CconTS1 rotates back toward the ring which
produces the trans double bond in the intermediates. The trans double bond will be between
C1=C4 for NconTS1 and between C2=C3 for CconTS1 as shown in the intermediate structures
(see Figure 25). The barrier heights for the two conrotatory pathways show a slight difference of
1.8 kcal mol-1 at the MRMP2 level. The activation energy for NconTS1, with the first breaking
bond adjacent to the N2 atom, is slightly lower than for CconTS2. One explanation for the
energy difference could be electron delocalization between the bonding electrons of the N1=N2
π bond and/or the lone pair electrons on the adjacent N2 atom through resulting orbital on C3
from the cleaved C1-C3 bond. The lone pair orbital on N2 is orthogonal to the N=N π bond so
the only orbital with significant overlap with the p-type orbital on C3 is the π orbital. The
N1=N2 double bond is slightly longer in NconTS1, being lengthened to 1.220 Å, from 1.213 Å
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in the DATCE reactant, consistent with a slight amount of delocalization from the double bond
since C3 is adjacent. The N1=N2 bond is 1.215 Å in CconTS1 consistent with virtually no
delocalization since C4 is nonadjacent. The two conrotatory barriers for
tricyclo[4.1.0.02,7]heptene (structure 2) were separated by 6.2 kcal mol-1. Comparing the natural
orbital occupation numbers (NOON’s) for the orbitals comprising the first breaking bond in the
active space gives 1.74 for structure 2 and 1.82 for DATCE. The slightly higher NOON value for
DATCE would mean less chance for accepting electron density through delocalization of the N2
lone pair or the π electrons consistent with a lower magnitude stabilization. Structural features of
NconTS1 and CconTS1 suggest that CconTS1 is an earlier transition state than NconTS1. The
second breaking bond is 1.743 Å in NconTS1 while is only 1.680 Å in CconTS1. The forming
trans double bond is also longer in CconTS1, 1.448 Å compared to 1.434 Å in NconTS1
suggesting an earlier TS for CconTS1. An earlier transition state usually means a competitively
lower activation barrier which would be consistent with a smaller separation of the activation
barriers between NconTS1 and CconTS1 (1.8 kcal mol-1): the barrier for NconTS1 is lowered
through delocalization while CconTS1 is lowered through steric effects manifesting as an earlier
transition state.
In the transition states, the H-C1-C4-H dihedral is 169.4° for NconTS1 and the H-C2-C3H dihedral is 160.5° in CconTS1. This illustrates the formation of the trans configuration of the
double bond is mostly complete by the transition states. In the intermediate structures for the
conrotatory pathway, Figure 25, the values are H-C1-C4-H = 179.2° in NconInt and H-C2-C3-H
= 178.9° in CconInt, very close to the 180.0° value of a true trans structure. The dihedrals
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across the trans double bonds for the carbon atoms cannot be close to 180° as it would make is
impossible to complete the ring. They are C2-C1-C4-C5 = 104.3° for NconInt and C1-C2-C3-C4
= 105.1° for CconInt. These small angles add a significant amount of strain to the sevenmembered rings. The relative energies of NconInt and CconInt are both above the reactant
DATCE and the product DAP2 as listed in Table 6. DAP1 and DAP2 are enantiomers so both
have the same electronic energies and both are given the relative energy of zero in the reaction
energetics.
Table 6. Relative energies including ZPE correction.
Structurea
MCSCFb
MRMP2c
DATCE
38.8
31.2
NconInt
50.7
45.6
CconInt
48.1
44.4
DAP1
0
0
DAP2
0
0
a
All geometries where optimized at the MCSCF(10,10)/cc-pVDZ level. b The geometries and
energies are calculated at the MCSCF/cc-pVDZ level. c The energies are calculated at the MRMP2/
cc-pVDZ/MCSCF/cc-pVDZ level.
The intermediates NconInt and CconInt are cyclic conjugated trienes with one trans
double bond and one cis double bond along the carbon ring moiety. They are very similar in
energy and are 45.6 and 44.4 kcal mol-1 above their isomerization product DAP2. They are also
higher in energy than the DATCE reactant which is 31.2 kcal mol-1 above DAP2. The trans
double bond imparts a significant amount of strain energy to the intermediates, more so than the
bicyclobutane moiety of the DATCE reactant.
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The intermediates NconInt and CconInt both isomerize to the product DAP2 through
trans double bond rotation through the transition states labeled NconTS2 and CconTS2,
respectively, which structures are shown in Figure 26.

Figure 26. Structures for the transition states for trans double bond rotation of NconInt and
CconInt to produce DAP2.

As listed in Table 5, the activation barriers are 14.1 kcal mol-1 for NconTS2 and 15.5 kcal
mol-1 for CconTS2. As stated above, the H-C1-C4-H dihedral is 179.2° in NconInt; as the trans
double bond rotates toward the cis configuration, the transition state (NconTS2) has a value of
116.1° for the H-C1-C4-H dihedral. The NconTS2 structure has significant singlet biradical
character with NOON values of 1.259 and 0.741 for orbitals 25 and 26 comprising the C1=C2 π
bonding and antibonding orbitals, respectively, in the active space. The C1-C4 bond length is
1.383 Å in NconInt while it lengthens to 1.496 Å in the transition state NconTS2, showing that
the double bond has broken during the rotation. However, the C1-C2 bond length reduces
substantially from 1.499 Å to 1.410 Å in NconTS2 while the cis double bond between C2-C3 has
lengthened from 1.374 to 1.420 Å. This can be explained by delocalization of the three π
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electrons from C1, C2, and C3 across the C1-C2-C3 bonded atoms. This same behavior is found
in CconInt and CconTS2 with the rotating trans bond lengthening the distance between C2-C3
from 1.379 to 1.499 Å, the C1-C2 single bond in CconInt shortening from 1.537 to 1.425 Å in
CconTS2, and the length between C1-C4 double bonded atoms increasing from 1.371 to 1.406
Å. Delocalization of the three π electrons on C2, C1, and C4 delocalizes across the C2-C1-C4
bonded atoms.
3.3.1.2 Disrotatory pathways
As mentioned above, there are four pathways for the controtatory channel: two symmetry
related pairs which lead to two distinct transition states. The same holds true for the disrotatory
pathways: there are two symmetry distinct channels leading to two distinct transition states
labled NdisTS and CdisTS. For NdisTS, the first breaking bond is adjacent to N2, while for
CdisTS, the first breaking bond is adjacent to C5. These structures are shown in Figure 27.

Figure 27. Transition state structures NdisTS and CdisTS for the two disrotatory pathways.
The disrotatory pathways are forbidden so they should have substantially higher barriers
than the allowed conrotatory barriers: this is the case with the barrier for NdisTS being 44.3 kcal
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mol-1 and that for CdisTS being 56.5 kcal mol-1 (Table 5). The difference between the allowed
and forbidden barriers for the first breaking bond being adjacent to N2 is NdisTS - NconTS1 =
8.2 kcal mol-1. That for the first breaking bond adjacent to C5 is CdisTS - CconTS1 = 18.6 kcal
mol-1. The disparity of the differences between the allowed and forbidden barriers is reconciled
through resonance delocalization of the π electrons of the N1=N2 double bond. The
wavefunctions for the disrotatory transition states, NdisTS and CdisTS, are highly
multiconfigurational in character as witnessed by their NOON values in the active space. For
NdisTS, orbitals 25 and 26 have NOON values of 1.122 and 0.879, respectively, comprising the
two orbitals that result from the bonding and antibonding s orbitals after cleavage between C1C3. These values show that NdisTS is close to being a singlet biradical with a single electron on
C1 and C3 in the transition state. This means that there is available electron density in that orbital
on C3 which can accept density from the π electrons from the N1=N2 double bond. This
resonance delocalization lowers the energy of the transition state reducing the barrier. For
CdisTS, the NOON values are also near unity with the bonding and antibonding orbitals
between C2-C4 being 1.089 and 0.912, respectively. However, since the orbital on C4 is not
adjacent to the π electrons, delocalization is not possible: there is not a corresponding energy
stabilization of CdisTS. A similar stabilization was observed with tricyclo[4.1.0.02,7]heptene126 in
that the bond breaking adjacent to the double bond had a difference in disrotatory (forbidden)
barriers of 13.1 kcal mol-1 very similar to the 12.2 kcal mol-1 for CdisTS - NdisTS.
The main structural differences in the disrotatory transition states compared to the
conrotatory ones described above are H-C1-C4-H = 11.1° dihedral in NdisTS and the H-C2-C372

H = 13° dihedral in CdisTS. This illustrates that the resulting double bonds will be in the cis
configuration leading directly to the DAP1 product. The second breaking bond is also much
shorter in NdisTS and CdisTS compared to NconTS1 and CconTS1 making the reaction much
more asynchronous for the bond cleavages.
Another interesting structural difference is the length of the N1=N2 bond in NdisTS
versus CdisTS: they are 1.229 Å in NdisTS and 1.212 Å in CdisTS. The longer N1=N2 bond in
NdisTS is consistent with electron delocalization from the π bonding orbital into the half empty
orbital on C3 slightly weakening the π bond. The shorter N1=N2 bond in CdisTS is consistent
with no electron density coming from the π bonding orbital and is virtually the same length as in
the DATCE reactant (1.213 Å).
3.3.1.3 Intrinsic reaction coordinates
The intrinsic reaction coordinate profiles for the conrotatory and disrotatory pathways are
presented in Figure 28. The IRCs going from NconTS1 and CconTS1 back to the DATCE
reactant illustrate the nature of the bond cleavages and strain release of the bicyclobutane moiety.
Going from DATCE toward the transition state, the energy rises quickly as the first bond starts to
cleave. Then, the slope decreases substantially as the second breaking bond starts to lengthen
which allows for ring relaxation and strain energy release. The slightly more pronounced
shoulder for NconTS1 is consistent with the longer bond lengths of the breaking bond pair: 2.515
Å and 1.743 Å in NconTS1 compared to 2.505 Å and 1.680 Å in CconTS1. The absence of an
analogous shoulder for the distrotatory pathways is consistent with the asynchronous nature of
the reaction with the second breaking bond still largely intact minimizing strain release at the
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transition state. This would make the disrotatory transition states higher in energy consistent with
their forbidden classification.

Figure 28. Intrinsic reaction coordinate plots for the DATCE to DAP1 and DAP2 isomerization.
3.3.2 3,4-Diazatricyclo[4.1.0.02,7]heptane
The structure of 3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA) and its isomerization
products 2,3-dihydro-1H-1,2-diazepine (DHDAP1 and DHDAP2) are presented in Figure 29. In
this reactant structure, there is a single bond between the two nitrogen atoms so there are no
π electrons available to stabilize the transition states - only the lone pair electrons on nitrogen.
DATCA belongs to point group C1 so there are eight total reaction channels: four conrotatory
and four disrotatory. A similar naming scheme for the DATCE reaction described above is used
for the first breaking bond being either adjacent to the N2 atom or the C5 atom. In this case, due
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to the lack of a symmetry plane, breaking bonds C1-C3 then C2-C4 leads to one transition state
(NconTS1′ or NdisTS′ ) and breaking bonds C2-C3 then C1-C4 leads to a different one
(NconTS1″ or NdisTS″ ). Conversely, bonds C1-C4 then C2-C3 leads to CconTS1′ or CdisTS′,
and breaking bonds C2-C4 then C1-C3 leads to CconTS1″ or CdisTS″. The four allowed
conrotatory channels lead to cyclic intermediates with a trans double bond which can form the
DHDAP1 or DHDAP2 product through trans double bond rotation. The structural isomers
DHDAP1 and DHDAP2 differ only by a few kcal mol-1 in electronic energy. At the MRMP2
level, DHDAP1 is the lowest energy structure by 1.1 kcal mol-1. However, at the CCSD(T)/augcc-pVTZ//CCSD/cc-pVDZ level, DHDAP1 is the lowest energy structure by 0.2 kcal mol-1.
These values are listed in Table 8. A schematic diagram for the conrotatory and disrotatory
reaction channels is shown in Figure 30, while the activation barriers are given in Table 7.

Figure 29. Structures of 3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA) and isomerization
products 2,3-dihydro-1H-1,2-diazepine (DHDAP1 and DHDAP2).
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Figure 30. Schematic diagram for the isomerization of DATCA to DHDAP1 and DHDAP2.
Table 7. Activation barriers, Ea, for each pathway (kcal mol-1) including ZPE correction.
Reactiona
DATCA → DHDAP2
DATCA → DHDAP2

TSa
NdisTS′
NdisTS″

MCSCFb
54.1
51.8
76

MRMP2c
52.3
49.5

PBEPBE-D3d
58.6e
54.3e

55.4
56.7
75.2e
DATCA → DHDAP1
CdisTS′
55.2
57.3
71.5e
DATCA → DHDAP1
CdisTS″
44.7
43.3
46.9
DATCA → NconInt′
NconTS1′
41.4
37.9
40.7
DATCA → NconInta″
NconTS1a″
39.9
37.4
41.2
DATCA → CconInt′
CconTS1′
44.6
43.3
48.9
DATCA → CconInt″
CconTS1″
0.2
1.7
1.9
NconInta″→ NconIntb″
NconTS1b″
20.8
15.9
24.7
NconInt′ → DHDAP1
NconTS2′
16.5
12.5
24.9
NconIntb″→ DHDAP1
NconTS2″
18.4
14.1
25.1
CconInt′ → DHDAP2
CconTS2′
20.0
16.3
27.3
CconInt″ → DHDAP2
CconTS2″
a
b
All geometries are optimized at the MCSCF(10,10)/cc-pVDZ level. The energies are calculated
at the MCSCF/cc-pVDZ level. c The energies are calculated at the MRMP2/ccpVDZ//MCSCF//cc-pVDZ level. d The energies are calculated at the DFT/cc-pVDZ//MCSCF/ccpVDZ level. e Broken spin symmetric wave function.
Table 8. Relative energies including ZPE correction.
Structurea
MCSCFb
MRMP2c
CCSD(T) d
DATCA
43.3
31.0
30.8
DHDAP1
0
0
0
DHDAP2
1.6
1.1
0.2
46.6
40.8
NconInt′
80.6
64.9
62.6
NconInta″
44.7
39.1
CconInt′
50.1
44.6
CconInt″
a
All geometries where optimized at the MCSCF(10,10)/cc-pVDZ level. b The geometries and
energies are calculated at the MCSCF/cc-pVDZ level. c The energies are calculated at the
MRMP2/ cc-pVDZ/MCSCF/cc-pVDZ level. d The energies are calculated at the CCSD(T)/augcc-pVDZ/CCSD/cc-pVDZ level.

3.3.2.1 Conrotatory pathways
There are four conrotatory channels for the ring opening leading to the DHDAP1 or
DHDAP2 products and can be classified as whether the first breaking bond is adjacent to N2 or
C5. If the first bond breaks adjacent to N2, it is useful to note the position of the H atom bonded
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to N2 relative to the first breaking bond. If the C1-C3 bond breaks first, the H-N2-C3-C1
dihedral is positive so that the H on N2 is on the same side of the dihedral looking down N2-C3;
if the C2-C3 bond breaks first, the H-N2-C3-C2 dihedral is negative so that the H on N2 is on the
opposite side of the dihedral looking down N2-C3. If the first bond breaks adjacent to C5, it is
useful to note the position of the H atom bonded to N1. If the first breaking bond is C2-C4, then
the H of N1 is on the same side of the dihedral about C5-C4, and if the first breaking bond is C1C4, the H of N1 is on the opposite side of the dihedral about C5-C4. For notation, a single prime
is used for the positive dihedral angle while a double prime is used to denote the negative
dihedral angle.
The two transition states for the first breaking bond adjacent to C5 are shown in Figure
31. CconTS1′ is an earlier transition state per the shorter breaking bonds (C2-C4 and C1-C3) and
the longer C2-C3 bond (compared to C1-C4, C2-C3, and C1-C3 in the other TS, respectively)
which are the two breaking bonds and the forming trans double bond. The barrier for NconTS1′
is also lower, 37.4 vs 43.3 kcal mol-1 also consistent with an earlier transition state.

Figure 31. Structures of transition states CconTS1′and CconTS1″.

78

The transition states for the initial bond cleaving adjacent to the N2 atom are shown in
Figure 32 and Figure 33. The transition state barrier leading to NconTS1′ is actually higher than
the analogous CconTS1′ showing that the lone pair electrons did not lower the barrier through
delocalization with the orbitals resulting from cleavage of the C1-C3 bond: steric effects are the
most important here. The NOON values are similar for both transition states being 1.766 and
0.237 for CconTS1′ and 1.774 and 0.234 for NconTS1′. Having NOON values this close to 2 and
0 means there is little opportunity for delocalization of the N2 lone pair into a partially filled
orbital on C3. For the other conrotatory channel, there was an unexpected intermediate found on
the potential energy surface. The structure of the transition state NconTS1″a appeared to be
consistent with the other conrotatory channels described above and lead to the cyclic trans
double bond intermediate. However, following the IRC led to the reactant but in the forward
direction led to a minimum with a geometry very similar to the transition state, NconInta″ (Figure
33). The NOON values of the transition state NconTS1a″ are 1.786 and 0.216 for the orbitals
comprising the first breaking bond, so single reference coupled cluster calculations should be
able to adequately describe the wavefunction. In order to get the most accurate energies, and the
best description of the PES, the geometry of NconTS1a″ was optimized at the CCSD/cc-pVDZ
level. The harmonic frequencies were also determined at this level (numerical second
derivatives) and one imaginary frequency was present confirming this as a transition state. Single
point energies were calculated at the CCSD(T)/aug-cc-pVTZ//CCSD/cc-pVDZ level for the
minima and transition states for this channel. The barrier from DATCA to NconTS1a″ is 37.9
kcal mol-1 at the MRMP2 level and 40.5 kcal mol-1 at the CCSD(T) level. Comparison of this TS
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(NconTS1a″) to the other conrotatory one (NconTS1′) shows that NconTS1a″ is a much earlier
transition state. The first breaking bond, C2-C3, is 2.216 Å in NconTS1a″ while that for C1-C3 in
NconTS1′ is 2.518 Å. The second breaking bond, C1-C4, in NconTS1a″ is 1.554 Å while the C2C4 bond in NconTS1′ is much longer at 1.715 Å. The C2-C4 bond of NconTS1a″ will become a
trans double bond in the cyclic intermediate, and it is 1.505 Å. The C1-C3 bond of NconTS1a″
will become a trans double bond in the cyclic intermediate and it is shortened to 1.455 Å. The
shorter breaking bonds and longer forming double bonds confirm the TS on an much earlier
portion of the PES.

Figure 32. Structure of transition state NconTS1′.

Figure 33. Structures of NconTS1a″ , NconInt a″ and NconTS1b″.
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The structure of the intermediate NconInt a″ is very similar to the conrotatory transition
states, and to get a second confirmation that it was actually a minimum, the geometry from the
end of the IRC calculation was optimized and the harmonic frequencies computed at the MSCSF
level: they were all real values. The calculation was repeated at the CCSD/cc-pVDZ level and
the geometries optimized and harmonic frequencies determined: all real frequencies were present
at this level, also. NconInt a″ is just 4.8 kcal mol-1 lower than NconTS1a″ at the MRMP2 level
and 8.7 kcal mol-1 lower at the CCSD(T) level consistent with the very similar structures of the
NconTS1a″ and NconInta″. An explanation for the NconInta″ intermediate is the availability of
the N2 lone pair to delocalize into orbital 27 resulting from the cleavage of the C2-C3 bond in
NconTS1a″. These two orbitals are shown in Figure 34. Orbital 27 is localized to C3 and is
eclipsed with orbital 20 comprising the N2 lone pair. Orbital 27 of the active space has a NOON
of 0.216 so it can readily accept electron density. The same overlap between orbitals 20 and 27 is
available in NconInta″. The shortening of the N2-C3 bond in 1.380 in NconInta″ is consistent
with additional bonding overlap between N2 and C3. In addition, the C1-C3 bond is also
shortened having a value of 1.404 Å.

Figure 34. Densities for orbital 20 (p-type on C2 and C3) and orbital 27 (lone pair on N2) of
NconTS1″ and NconInta″.
81

The dihedral angle between the overlap of orbitals 20 and 27 can be approximated by the
H-C3-N2-H dihedral angle: the N2 atom is tetrahedral and the C3 is trigonal planar in
NconTS1a″ and NconInta″. Therefore, a H-C3-N2-H=30° would be a totally eclipsed geometry
for the p orbital on C3 (#27) and the sp3 lone pair orbital on N2. It is 70.3° in the transition state
NconTS1a″ signifying partial overlap between the two being offset by approximately 40°. In the
intermediate NconInta″ the H-C3-N2-H dihedral is only 31.1° signifying a totally eclipsed
geometry giving substantial overlap between orbitals 20 and 27.
The C1-C4 bond in NconInta″ is also lengthened to 1.634 Å allowing the C2-C4 trans π
bond to initiate formation. This stabilization allows for the structure to be a minimum of the PES.
The N2 lone pair orbital is not eclipsed with orbital 27 in the other conrotatory transition state,
NconTS1′, so stabilization is not possible so there is no analogous intermediate formed.
The transition state from NconInta″ to the cyclic trans double bond intermediate is
labeled NconTSb″ and shown in Figure 33. The barrier from NconTS1a″ to NconTS1b″ is just 1.7
kcal mol-1 at the MRMP2 level and 3.7 kcal mol-1 at the CCSD(T) level. The minimum occupied
by NconTS1a″ is very shallow with the further release of strain energy going to NconIntb″ the
main character of this portion of the PES. Basically, the transition state encompasses the
cleavage of the second bond to break: the C1-C4 bond lengthens to 1.760 Å. The C2-C4 length
shortens in NconTS1b″ as the double bond continues forming. The barrier for the transition state
NconTS1b″ was determined at the MRMP2 and CCSD(T) levels since the barrier is so small and
the wavefunction is mostly single configurational having NOON’s of 1.866 and 0.122 for the
orbitals comprising the C1-C4 breaking bond.
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3.3.2.2 Disrotatory pathways
There are four disrotatory transition states possible for DATCA: bond C1-C3 (NdisTS′)
or bond C2-C3 (NdisTS″) breaking first, or bond C1-C4 (CdisTS′) or C2-C4 (CdisTS″) breaking
first. The transition state structures are shown in Figure 35. Both CdisTS′ and CdisTS″ have
almost identical barriers with no possibility of overlap of the N2 lone pair onto C3 consistent
with the barriers being the highest. NdisTS′ and NdisTS″ have lower barriers by 4.4 and 7.2 kcal
compared to CdisTS′. For these two transition states, the lone pair on N2 can delocalize into
orbitals 26 and 27 on C3 consistent with the lower barrier heights. The NOON’s are 1.170 and
0.833 for orbitals #26 and # 27 of NdisTS′ and 1.231 and 0.770 for NdisTS″. The lone pair is in
phase for overlap relative to both orbitals 26 and 27 on C3, and these two orbitals are basically
half filled (singlet biradical). The N2-C3 bond length is 1.441 Å in the DATCA reactant and
shortens to 1.406 and 1.409 Å in the two transition states also consistent with delocalization of
the N2 lone pair across the N2-C3 bond. The disrotatory transition states are more asynchronous
than the conrotatory ones with the second breaking bond much shorter here. The H atom on C1
or C2 also points away from the ring in the configuration to form a cis double bond in the
DHDAP products.

83

Figure 35. Structures of transition states for the disrotatory channel of DATCA.
3.3.2.3 Intrinsic reaction coordinates
The IRC curves for the four conrotatory channels are shown in Figure 36. The
intermediate NconInta″ is labeled, and the very shallow minimum between it and intermediate
NconIntb″ is apparent. The IRC plots connect the DATCA reactant to the trans bond
intermediates and subsequently to the DHDAP1 and DHDAP2 products. The disrotatory IRC
curves are shown in the Figure C1. They contain the single transition state and directly connect
the DATCA reactant to the DHDAP1 and DHDAP2 products.
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Figure 36. Intrinsic reaction coordinates for the four conrotatory channels for DATCA
isomerization.
3.3.3 Orbital stabilization
The disparity between the activation energies among the conrotatory and disrotatory
channels is due to steric and resonance effects. This section will discuss the stabilization of some
transition states due to delocalization of the π electrons of the N=N double bond and
delocalization of the lone pair on the N atom.
For the DATCE reactant, transition states, and DAP1 and DAP2 products, the active space
consists of orbitals 21-30. Looking at the MCSCF natural orbitals, 18 and 20 consist of a
combination of the two lone pairs of the N atoms, and orbital 19 consists of the N=N π bonding
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orbital in each structure. The two disrotatory pathways show one barrier significantly lower:
NdisTS is 8.2 kcal mol-1 lower than CdisTS. Cleavage of the C1-C3 bond can lead to transition
state NdisTS as shown in Figure 37. The C1-C3 bonding and antibonding orbitals of the reactant
DATCE are now represented by orbitals 25 and 26 in the active space which are π type orbitals
on C1 and C3. The NOON’s for orbitals 25 and 26 are close to 1 so can accept significant
electron density. The NOON values for orbitals 25 and 26 for NdisTS are 1.112 and 0.879,
respectively. In comparison, the NOON values for orbitals 25 and 26 for the CdisTS transition
state are 1.089 and 0.912: in this transition state, the breaking bond is not adjacent to the N=N π
bond. As shown in Figure 37, the half empty orbitals 25 and 26, on C3, are both in phase with
the π orbital on N1=N2. The higher NOON value for orbital 25 in NdisTS than for CdisTS
(1.122 vs 1.089) suggest that orbital 25 of NdisTS accepts electron density from the N=N π
bond. The increased occupation number for orbital 25 would lower its energy compared to
orbital 26 which would result in a reduction of the NOON value for orbital 26. This is reflected
in the NOON value of 0.879 compared to 0.912 in the unstabilized CdisTS. The delocalization of
the π electrons into orbital 25 would lower the electronic energy of the transition state, lowering
the activation barrier.
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Figure 37. Densities for orbital 19 (p-bonding on N1=N2), orbital 25 (p-type on C1 and C3), and
orbital 26 (p-type on C1 and C3) from the MCSCF natural orbitals for NdisTS1.
Cleavage of the C1-C3 bond can also result in transition state NconTS1 shown in Figure
38. Orbitals 25 and 26 of the active space are the p-type orbitals resulting from the cleaved C1C3 bonding and antibonding orbitals. The phases of 25 and 26 are opposite on C3 but the same
on C1. The density from orbital 19 on N2 and orbital 25 on C3 are opposite in phase so there is
an antibonding overlap between N2 and C3 for these two orbitals: the N=N π bonding orbital
(19) and the p-type orbital on C3 (25). Orbital 25 has a NOON value of 1.815, close to being
doubly occupied. However, orbital 26 has a NOON value of 0.195 and is in phase with the N=N
p bond. Orbital 26 being mostly empty, and in phase with the N=N p orbitals, can accept electron
density from the N=N π bond; however, since orbital 26 is mostly unoccupied, its energy will be
significantly higher than the N=N π bonding orbital (19), and the overlap will be decreased on
that energetic standpoint. This smaller stabilization energy follows the smaller 1.8 kcal mol-1
barrier lowering for NconTS1 compared to CconTS1.
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Figure 38. Densities for orbital 19 (p-bonding on N1=N2), orbital 25 (p-type on C1 and C3), and
orbital 26 (p-type on C1 and C3) from the MCSCF natural orbitals for NconTS1.
The DATCA reactant does not have N=N π bond, but the N atom lone pairs can
participate in delocalization and stabilize the transition states. For the DATCA reactant, transition
states, and DHDAP1 and DHDAP2 products, the active space consists of orbitals 22-31. For the
MCSCF natural orbitals, 20 and 21 are combinations of the N atom lone pairs. Transition state
NdisTS″ has the lowest barrier of the four disrotatory channels and is shown in Figure 39.
Orbital 20 consists of the lone pair on N2 while orbitals 26 and 27 are the remnants of the
cleaved C1-C3 bonding and antibonding orbitals in the DATCA reactant. Orbital 26 consists of
two p-type orbitals on C3 and C2 which are in phase with each other while orbital 27 consists of
two p-type orbitals on C3 and C2 which are opposite phases. However, for orbitals 26 and 27, the
p-type orbital on C3 are both in phase with the N2 lone pair orbital. The NOON for orbital 26 is
1.231 while that for orbital 27 is 0.770 making orbital 26 lower in energy. Electron density from
the lone pair on N2 can delocalize into orbitals 26 and 27 since they are both in phase with the
lone pair orbital, but delocalization will be more efficient with the lower energy orbital 26.
Resonance between orbitals 20 and 26 would require that delocalization into orbital 26 would
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lower its energy and raise its occupation number. This would result in a higher occupation
number for orbital 26 and a lower one for orbital 27. Comparing the NOON’s for this transition
state with the two transition states where delocalization is not possible (CdisTS′ and CdisTS″)
shows that orbital 26 on NdisTS″ is 1.231 compared to 1.059 and 1.004 on CdisTS′ and CdisTS″,
respectively. For orbital 27, the NOON value is lower on NdisTS″, 0.770, versus 0.943 for
CdisTS′ and 0.997 for CdisTS″. For the two transition states CdisTS′ and CdisTS″, the cleaved
bond is not adjacent to a nitrogen lone pair, and no delocalization is possible so the NOON’s are
much closer to 1.0. The barriers for these two transition states are higher as a result of their
higher electronic energies, and their NOON values reflect almost pure singlet biradical character.
Stabilization is also possible for transition state NdisTS′ since orbital 26 is in phase with the N2
lone pair orbital, and it also has a lower barrier than those for CdisTS′ and CdisTS″. The 5.9 kcal
mol-1 difference in the barriers for the CconTS′ and CconTS″ transition states is most likely due
to steric effects and is represented in the IRC’s in which the lower barrier is for the earlier
transition state.
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Figure 39. Densities for orbitals 20 (lone pair on N2), 26 (p-type on C2 and C3), and 27 (p-type
on C2–C3) from the MCSCF natural orbitals for NdisTS1″.
3.3.4 3,4,5-Diazatricyclo[4.1.0.02,7]hept-3-ene
In order to understand the relative stabilizing effects of the N=N π electrons versus the N
lone pair electrons, we also looked

at the isomerization of 3,4,5-triazatricyclo[4.1.0.02,7]hept-3-

ene (TATCE) to the 1H-1,2,3-triazepine (TAP1 and TAP2 enantiomers). The TATCE reactant
and TAP1 and TAP2 products are shown in Figure 40. The TATCE structure has both the N=N π
bond and a sp3 hybridized N atom lone pair in the same molecule. Since it is the disrotatory
transition states that are singlet biradical in character with two orbital NOON’s close to 1.0, we
present these since they are the most efficient in accepting electron density and reflecting a lower
activation barrier.
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Figure 40. Structures of 3,4,5-triazatricyclo[4.1.0.02,7]hept-3-ene (TATCE) and isomerization
products 1H-1,2,3-triazepine (TAP1 and TAP2 ).

The first breaking bond can be adjacent to N1 and the N=N π bond or to N3 and the N3
atom lone pair. If the C1-C3 bond breaks first, the transition state is labeled N1disTS1, and if
C2-C3 breaks first, it is labeled N1disTS2. If the C1-C4 bond breaks first, the transition state is
labeled N3disTS1, and if the C2-C4 bond breaks first, it is labeled N3disTS2. The transition state
structures are given in Figure 41, and the activation barriers are given in Table 9. Each barrier is
below 50 kcal mol-1, lower than the 57 kcal mol-1 for the CdisTS structures for DATCE and
DATCA given above. In addition, the two channels for which the π electrons are adjacent to the
breaking bond have lower barriers than the two with the N3 lone pair adjacent to the breaking
bond. This suggests that the stabilization energy is greater through the π electrons than through
the N lone pair consistent with the bonding picture of double bond electrons being more
delocalized across two atoms, than a lone pair more confined to a single atom.
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Figure 41. Structures of the disrotatory transition states for the TATCE to TAP1 and TAP2
isomerizations.
Table 9. Activation barriers, Ea, for each pathway (kcal mol-1) including ZPE correction.
Reactiona
TSa
MCSCFb
MRMP2c
N1disTS1
50.0.
42.3
TATCE → TAP2
N1disTS
51.2
44.4
2
TATCE → TAP1
N3disTS1
50.7
47.4
TATCE → TAP1
N3disTS2
52.2
49.1
TATCE → TAP2
a
b
All geometries are optimized at the MCSCF(10,10)/cc-pVDZ level. The energies are calculated
at the MCSCF/cc-pVDZ level. cThe energies are calculated at the MRMP2/cc-pVDZ// MCSCF//
cc-pVDZ level.
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3.5 Conclusion
The thermal isomerizations of 3,4-diazatricyclo[4.1.0.02,7]hept-3-ene, 3,4
diazatricyclo[4.1.0.02,7]heptane, and 3,4,5-triazatricyclo[4.1.0.02,7]hept-3-ene, were modeled
using computational chemistry. In order to get a consistent picture of the energies and potential
energy surfaces for both the allowed and forbidden pathways, MCSCF calculations were used.
CCSD(T) energies were also computed where single reference wavefunctions were adequate for
a description of the molecules.
The lowest allowed barrier for the isomerization of DATCE is 36.1 kcal mol-1, lower than
the 39.5 kcal mol-1 for the all carbon tricyclo[4.1.0.02,7]heptane. The energy reduction of the
barrier is proposed to be due to electron delocalization of the N=N π bond in DATCE in the
transition state and steric effects. It is difficult to apportion the individual contribution of each,
but compared to structure 2 which had a 6.2 kcal mol-1 lower barrier for the first cleaved bond
being adjacent to the C=C double bond, the difference for DATCE is only 1.8 kcal mol-1.
Likewise, the lowest forbidden barrier for DATCE isomerization is 44.3 kcal mol-1, also with the
cleaved bond adjacent to the N=N double bond, stabilized by π electron donation to the half
filled orbital left due to the cleaved C-C bond. This barrier is 12.2 kcal mol-1 lower than the other
forbidden one where the cleaved bond in non-adjacent to the N=N double bond - no π electron
donation possible. The transition states for the forbidden pathways have singlet biradical
character with NOON’s of two orbitals close to 1.2 and 0.8. The stabilization of the forbidden
pathways is greater than the allowed pathways due to this singlet biradical character. For the
allowed conrotatory pathways, the NOON’s for the two resulting orbitals of the cleaved C-C
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bond are around 1.75 and 0.25, so they are not as effective in the resonance stabilization with the
N=N π bonding orbital.
The DATCA structure does not have a N=N double bond, but does have an N atom lone
pair for possible delocalization and stabilization of the transition states. The isomerization of
DATCA shows results similar to DATCE mentioned previously: the four allowed barriers range
from 37.4 to 43.3 kcal mol-1, but the two lowest values (37.4 and 37.9 kcal mol-1) are for an
adjacent and nonadjacent bond cleavage to the N atom lone pair. It appears both steric and
delocalization effects are present. The forbidden pathways follow a more consistent pattern with
the two lowest barriers belonging to the pathways where the first C-C bond cleaves adjacent to
the N atom lone pair. This suggests that delocalization of the N atom lone pair into the half-filled
orbital on the adjacent carbon atom lowers the energy of the transition state.
Since delocalization is more easily delineated in the forbidden pathways, we also looked
at those for the isomerization of TATCE in which a C-C bond cleaves either adjacent to a N=N
double bond or an N atom lone pair. The lowest barriers were for the cleaved bond being
adjacent to the N=N double bond consistent with the π electrons being able to delocalize more
effectively than a lone pair on a single atom.
One allowed pathway for DATCA formed an intermediate with a structure very close to
the transition state. The barrier is only 0.5 kcal mol-1 higher than the lowest allowed barrier so
would be kinetically competitive. The minimum on the PES was described by bonding between
the N atom lone pair orbital and the resulting p-type orbital on the adjacent C atom from the
bond cleavage. The minimum has only a 1.7 kcal mol-1 barrier leading to the normal trans double
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bond intermediate of the isomerization pathway. The allowed pathways from DATCE and
DATCA form a ring with a trans double bond: rotation of this double bond from the trans to cis
orientation occurs with a barrier between 12.5 and 16.3 kcal mol-1. The release of strain energy
caused by the trans double bond orientation in the seven-membered ring lowers the barrier of the
double bond rotation significantly from that of a non-strained counterpart such as ethylene.
A previous paper compared activation energies of MRMP2 and various DFT functionals
for wavefunctions with significant multiconfigurational character137. The PBEPBE-D3 functional
gave activation barriers close to those of MRMP2 for both the allowed and forbidden pathways.
For the DATCE isomerization, the PBEPBE-D3 functional gave energies very close to the
MRMP2 results except for the trans double bond rotations which go through transition states
with significant singlet biradical character. For the DATCA isomerization, this functional gave
good results for allowed pathways and for only two of the four forbidden ones. The activation
barriers were close to 14 and 19 kcal mol-1 higher than the MRMP2 results for those two
forbidden pathways. The trans double bond energies were also about 10 kcal mol-1 higher than
the MRMP2 results.

95

CHAPTER IV
THE AB INITIO STUDY OF THERMAL ISOMERIZATION OF BENZVALENE TO
BENZENE AND BENZVALYNE TO BENZYNE
4.1 Introduction
Benzvalene (tricyclo[3.1.0.02,6]hex-3-ene) was first reported in 1967 by Wilzbach, etc. as
a photoproduct of benzene,138 and is an energy-rich cyclic compound due to its highly strained
structure. The low stability of benzvalene along with extraordinary reactivity exhibits diverse
chemistry. The kinetic stability at room temperature138( half-life of about 10 days in isohexane)
also makes benzvalene an interesting structure. The investigation of thermal barriers for
conversion of high energy-density benzvalene to the stable benzene isomer could pave the way
for exploration of benzene-benzvalene MOST for energy storage and release. The activation
energy for isomerization of benzvalene to benzene via a biradical transition state was initially
calculated to be 21.5 kcal mol-1 by MINDO,139 showing a barrier 5.2 kcal mol-1 lower than the
experimental thermolysis in n-heptane.140 The activation barrier for benzvalene isomerization has
also been calculated to be 39.9 kcal mol-1 using ab initio methods at the MP3/6-31G*//HF/631G* level141 and 27.7 kcal mol-1 using DFT with the B3LYP functional.142 Other theoretical
studies focused on the heat of formation and strain energy of benzvalene at single configuration
self-consistent field/6-31G* level143 and G2(MP2,SVP) level.144 Previous studies of similar
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tricyclco compounds showed multireference calculations were required due to the
biradical character of the transition states, especially for disrotatory pathways.46,126129,137

However there is no multi-reference self-consistent field (MCSCF) report to revisit the

isomerization of benzvalene to benzene, and a multi-reference wave function should be a better
description of the biradical nature of transition states.
The pyrolysis of benzene would generate another chemically interesting six-member ring
compound benzyne via C-H fission.145,146 The peculiar chemical structure of benzyne makes it an
essential tool in synthetic chemistry.147 Besides, studies reveal that benzyne plays a vital role in
the formation of polycyclic aromatic hydrocarbons(PHAs).148,149 PHAs produced from
combustion of fuels pose considerable damage to human health. Therefore, the benzyne structure
has been the subject of extensive theoretical studies. Current calculations focus on the
thermochemistry,150,151 fragmentation pathway152,153 and isomerization pathway between obenzyne, p-benzyne and m-benzyne.152-154 Inspired by the remarkable reactivity of benzvalene,
we are curious about the analogous valence isomer of benzyne. To our knowledge, benzvalyne
(tricyclo[3.1.0.02,6]hex-3-yne), the analogous structure of benzvalene, was only mentioned once
in the literature and that in the study of triafulvene (bicyclopropenylidene).155
Herein, we would like to investigate the isomerization pathways of benzvalene to
benzene and benzvalyne to benzyne at the MCSCF calculation level.
4.2 Computational methods
To obtain a highly accurate description of the wave function, geometry optimizations
including benzvalyne, benzvalene, benzyne and benzene, were performed at the multi
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configuration self-consistent field (MCSCF) level using the cc-pVTZ basis set132 performed by
GAMESS.130 For benzvalene, four σ and σ* orbitals consisting of the C1-C3, C1-C4, C2-C3, and
C2-C4 bonds in the bicyclobutane moiety and one π and π* of the C5=C6 double bond were
localized by the Foster-Boys method.36 The resulting five occupied and five virtual orbitals made
the MCSCF (10,10) subset for the complete active space calculation. Two C-C bonds broke in
the bicyclobutane moiety, and two C=C double bonds formed during isomerization, so the active
space in the product benzene consisted of two C-C σ and σ* orbitals plus three C=C π and π*
orbitals. For benzvalyne, four σ and σ* orbitals in the bicyclobutane moiety and the in-plane and
out-plane π and π* were localized also by the Foster-Boys method. The resulting six occupied
and virtual orbitals made the MCSCF (12,12) subset for complete active space calculation. For
benzyne, the full conjugated systems including two σ and σ* orbitals and four π and π* made
MCSCF(12,12). Analytical gradients were employed for both geometry optimizations (first
derivatives) and harmonic frequency calculations (second derivatives). All transition structures
had only one imaginary frequency. Intrinsic reaction coordinates were calculated to verify the
connection of the located transition state to the correct reactant and product.133 Dynamic electron
correlation was included by performing single point energy calculations at the single state second
order MRMP level at the MCSCF optimized geometries using the cc-pVTZ basis set.134,135 The
resulting energies were used to compare the differences in isomerization barriers and strain
energy release.
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4.3 Results and discussion
4.3.1 Benzvalene
The thermal isomerization of benzvalene to benzene is discussed in this section. The
molecular structures of benzvalene and benzene are shown in Figure 42. The isomerization
process involves the rupture of two nonadjacent C-C σ bonds in the bicyclobutane moiety and
the formation of a conjugated π cyclo-compound. Benzvalene belongs to point group C2v with
the C1-C2 bond bisected by the plane containing the C3, C4, C5 and C6 atoms. The
isomerization reaction involved cleavage of a C-C bond pair: this can be C1-C3, C2-C4; C1-C4,
C2-C3; C1-C4, C2-C3; C2-C4, C1-C3. Any four of these possibilities will lead to the same
transition state due to the C2v symmetry of benzvalene. Therefore, there is only one disrotatory
and one conrotatory pathway given the Woodward-Hoffman symmetry rules. The transition
states for the disrotatory and conrotatory pathways are labeled as disTS and conTS respectively.
The schematic energy diagram for the isomerization pathways are presented in Figure 43.

Figure 42. Structures of benzvalene and and isomerization product benzene.
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Figure 43. Schematic diagram for the isomerization of benzvalene to benzene and benzvalene.
4.3.1.1 Disrotatory pathways
Features of the disrotatory transition state are presented in Figure 44. The activation
barrier of disTS has been determined to 20.6 kcal mol-1 at the MRMP2 level, shown in Table 10.
For comparison with the experimental value, the activation barrier was corrected to 18.7 kcal
mol-1 at 298K using unscaled harmonic vibrational frequencies. It is 8.0 kcal mol-1 lower than the
experimental barrier obtained in n-heptane. In comparison, the barrier height at 298K was
previously reported to be 39.9 kcal mol-1 at the MP3/6-31G*//HF/6-31G* level141 and 29.3 kcal
mol-1 at the B3LYP level;142 they are instead higher than the experimental barrier. In contrast to
similar tricyclo compounds, 46,126-129,137 the transition state for the disrotatory pathway is mostly
single configurational in character as witnessed by the natural orbital occupation numbers
(NOON’s) in the active space. For disTS, orbital 21 (p orbital on C1 and C3) and orbital 22 (p
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orbital on C1 and C3) have NOON values of 1.711 and 0.295. This uncustomary non biradical
transition state was also found by Bettinger etc. at the B3LYP, CCSD and CCSD(T) levels.142
The initial breaking bond, C1-C3, has a length of 2.353 Å in the transition state, while the second
breaking bond length is 1.668 Å. The 0.685 Å difference in the two bond lengths is an indicator
of a less asynchronous progress. The double bond between C5 and C6 in reactant benzvalene
tends to transfer to adjacent C3 and C6 in disTS. The C3-C6 bond length shortens from 1.500 Å
in benzvalene to 1.366 Å in disTS, while the C5-C6 bond lengthens from 1.338 Å in benzvalene
to 1.409 Å in disTS. This suggests the C5=C6 double bond is not inert as it participates in
breaking the bicyclobutane moiety. The C4-C5 bond length also shrinks to 1.423 Å in disTS.
(The p orbital should on C3, but now on C5).

Figure 44. Transition state structures disTS and disTSback for the two disrotatory pathways.
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Table 10. Activation barriers, Ea, for each pathway (kcal mol-1) Including ZPE correction.
Reactiona
TSa
MCSCFb
MRMP2c
disTS
25.8
20.6
benzvalene → benzene
disTSback
30.0
29.8
benzvalene → benzvalene
conTS1
29.1
26.8
a
benzvalene → conInta
conTS1a
9.6
3.6
conInta → conIntb
conTS2
2.7
4.7
conIntb → benzene
a
All geometries are optimized at the MCSCF(10,10)/cc-pVTZ level. b The energies are calculated
at the MCSCF/cc-pVTZ level. c The energies are calculated at the MRMP2/cc-pVTZ//MCSCF/ccpVTZ level.
Remarkably, the transition state disTSback with singlet biradical nature was found for a
concerted disrotatory pathway. For disTSback, orbital 21 (p orbital on C1 and C3) and
orbital 22 (p orbital on C1 and C3) have NOON values of 1.039 and 0.962. However, the
intrinsic reaction coordinate from disTSback leads to benzvalene in both the forward and reverse
directions. The isomerization occurs by breaking C1-C3 bond in reactant benzvalene and
forming C1-C5 bond in product benzvalene. This is apparently a biradical transition state in
which one C-C bond cleaves and reforms to restore the benzvalene reactant. The two disrotatory
pathways of benzvalene are presented in Figure 45. The barrier height of disTSback is 29.8 kcal
mol-1 at MRMP2 level, shown in Table 10. The activation energy of disTSback is 8.8 kcal mol-1
higher than that of disTS consistent with the isomerization of benzvalene to benzene being more
kinetically favorable than back to benzvalene. The ruptured bond C1-C3 has length of 2.563 Å in
disTSback, longer than that of 2.353 Å in disTS. The distance between C1 and C5 is 2.550 Å,
close to C1-C3 bond length so that the disTSback transition state would lead to benzvalene by
connecting C1 and C5 to close the bicyclobutane moiety. The bond length of C5-C6 and C3-C6
are almost equal to 1.390 Å suggests π electron delocalization through atoms C5, C6 and C3,
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also visualized by orbital 21 from the MCSCF natural orbitals for disTSback, shown in Figure 44.

Figure 45. Reactions for the isomerization of benzvalene to benzene and benzvalene.
4.3.1.2 Conrotatory pathways
The structures of the conrotatory transition states and intermediates are presented in
Figure 46. The activation barrier of conTS1a is 26.8 kcal mol-1, 6.2 kcal mol-1 higher than that of
the disrotatory pathway (Table 10). Remarkably, an additional intermediate conInta and
transition state conTS1a were located which leads to the transition state conTS2 which rotates the
trans double bond to the cis configuration. The geometry of the intermediate conInta has been
optimization at the MCSCF/cc-pVTZ level, and confirmed a minimum by having all real
harmonic frequencies. This is consistent with one of pathways of isomerization of 3,4diazatricyclo[4.1.0.02,7]heptane.46 conInta is just 4.1 kcal mol-1 lower than conTS1a at the
MRMP2 level, listed in Table 11. For conTS1a, the first breaking bond C1-C3 has a length of
2.265 Å, while the secondary breaking bond C2-C4 has a length of 1.565 Å, close to 1.547 Å in
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the reactant benzvalene. The extra intermediate conInta only lengthened the C1-C3 bond to 2.458
Å and maintained the C2-C4 bond as 1.566 Å. Additionally, compared to conTS1a, the C5-C6
bond of conInta is lengthened to 1.378 Å and the C3-C6 bond is shortened to 1.414 Å. The nearly
equal bond lengths between C5-C6 and C3-C6 suggests the π bond delocalization runs across
C5-C6-C3, as illustrated in orbital 21 from the MCSCF natural orbitals for conInta in Figure 46.
The singlet biradical character of conInta is witnessed by NOON values of 1.248 and 0.753 for
the σ and σ* orbital across C1-C3. Along with the reaction progress, the conTS1b lengthens the
secondary breaking bond C2-C4 to 1.846 Å. The C5-C6 and C3-C6 bonds of conTS1b changed
to 1.472 Å and 1.350 Å, respectively. This shortening of C3-C6 implies the double bond transfer
from C5-C6 in conTS1a to C3-C6 in conTS1b. This is proof that the double bond in C5-C6
participated in the isomerization of benzvalene to benzene, not serving as just a spectator.
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Figure 46. Structures for transition state conTS1a, conTS1b, and intermediate conInta for the
conrotatory pathway.
Table 11. Relative energies including ZPE correction.
Structurea
MCSCFb
MRMP2c
benzvalene
86.9
78.4
conTS1a
116.0
105.2
conInta
115.8
101.1
conTS1b
125.4
110.7
conIntb
99.3
94.2
benzene
0
0
a
b
All geometries were optimized at the MCSCF(10,10)/cc-pVTZ level. The geometries and
energies are calculated at the MCSCF/cc-pVTZ level. c The energies are calculated at the
MRMP2/cc-pVTZ/MCSCF/cc-pVTZ level.

105

4.3.2 Benzvalyne
The geometries of benzvalyne and benzyne are shown in Figure 47. For the isomerization
of benzvalyne to benzyne, there are also a single disrotatory and single conrotatory pathway
given the point group of C2v for both benzvalyne and benzvalene. The saddle points and
intermediates associated with the isomerization of benzvalyne to benzyne were denoted with a
prime symbol to distinguish them from the structures associated with the
isomerization of benzvalene to benzene. A schematic diagram for the reaction pathways is shown
in Figure 48.

Figure 47. Structures of benzvalyne and isomerization product benzyne.
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Figure 48. Schematic diagram for the isomerization of benzvalyne to benzyne.
4.3.2.1 Disrotatory pathways
The structure of the transition state with key geometric feature in the disrotatory pathway
is presented in Figure 49. The activation barrier of disTS′ has been determined to be 22.9 kcal
mol-1 at the MRMP2 level, listed in Table 12. The barrier height for benzvalyne is close to the
20.6 kcal mol-1 for benzvalene. This is consistent with the second π bond in the triple bond in
benzvalyne being orthogonal to the p orbitals on C1 and C3, resulting in the cleavage of the C1C3 sigma bond, and not in a favorable overlap for delocalization. The transition state disTS′
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exhibits singlet biradical nature with 1.236 Å and 0.767 Å NOON values in orbitals 20 and 21.
This is obviously different from the transition state disTS with non biradical nature. The bond
lengths of the breaking bond pair C1-C3 and C2-C4 are 2.506Å and 1.628 Å in disTS′ compared
to 2.353 Å and 1.668 Å in disTS, shown in Figure 44. This suggests the isomerization of
benzvalyne via disTS′ is a slightly more asynchronous process. The bond length of C5-C6 is
1.252 Å in reactant benzvalyne and lengthens to 1.274 Å in disTS′, while the C3-C6 bond
shortens from 1.494 Å in benzvalyne to 1.408 Å in disTS′. This is consistent with electron
delocalization from the in-plane π bonding orbital into the half empty orbital on C3. The p-type
orbital on C3 and delocalized in-plane π orbital across C5-C6-C3 are presented in Figure 49.

Figure 49. Transition state structure disTS′ for the disrotatory pathway.
Table 12. Activation barriers, Ea, for each pathway (kcal mol-1) Including ZPE correction.
Reactiona
TSa
MCSCFb
MRMP2c
disTS′
26.3
22.9
benzvalyne → benzyne
conTS1
′
25.8
21.7
a
benzvalyne → conInta′
conTS1b′
9.6
1.4
conInta′→ benzyne
a
b
All geometries are optimized at the MCSCF(12,12)/cc-pVTZ level. The energies are calculated
at the MCSCF/cc-pVTZ level. c The energies are calculated at the MRMP2/cc-pVTZ//MCSCF/ccpVTZ level.
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4.3.2.2 Conrotatory pathways
The structures of the transition states and intermediates for the conrotatory pathway are
presented in Figure 50. The activation barrier of conTS1a′ is calculated to be 21.7 kcal mol-1,
only 1.2 kcal mol-1 lower than that of disrotatory pathway at MRMP2 level, listed in Table 12.
This means the conrotatory and disrotatory pathways have nearly equally kinetic favorability. In
the progress of the isomerization, the conrotatory pathway leads to intermediate conInta′. The
minimum nature of conInta′ has been verified by geometry optimization and all real harmonic
frequencies. conInta′ has a relative energy of 122.2 kcal mol-1 compared to the benzyne reactant,
1.3 kcal mol-1 higher than that of conTS1a′ at the MRMP2 level, listed in Table 13. The conTS1a′
and conInta′ exhibit similar structural behavior in the reaction. The first breaking bond C1-C3
lengthens to 2.191 Å in conTS1a′ and 2.431 Å in conInta′ compared to 1.558Å in reactant
benzvalyne. While the second breaking bond C2-C4 is 1.595 Å in conTS1a′ and almost intact in
conInta′ with bond length of 1.602 Å. The slight lengthening of C5-C6 and shortening of C3-C6
in conInta′ compared to conTS1a′ suggests in-plane π bond delocalization between C5-C6-C3. It
is also implied by the singlet biradical nature of intermediate conInta′ with 1.477 and 0.524
NOON values in orbitals 20 and 21. The activation barrier for conTS1b′ is only 1.4 kcal mol-1 at
the MRMP2 level, listed in Table 12. The breaking bond pair C1-C3 and C2-C4 lengthen to
2.544 Å and 1.904 Å in conTS1b′, respectively. The neighboring C5-C6 and C3-C6 bonds have
lengths of 1.317 Å and 1.370 Å in conTS1b′ respectively. The closer equality of bond lengths
between C5-C6 and C3-C6 implies in-plane π bond delocalization across C5-C6-C3. It is
consistent with the singlet biradical nature of transition state conTS1b′, witnessed by the NOON
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values of 1.426 and 0.584 in orbital 20 and 21. Interestingly, the intrinsic reaction coordinates
show conTS1b′ directly connects the intermediate conInta′ and product benzyne without an
intermediate bearing a trans double bond. It is inconsistent with the conrotatory pathway of
benzvalene isomerization and previous studies of similar tricylco-compounds isomerization.
46,126-129,137

This means the 122.2 kcal mol-1 relative energy in conInta′ could be directly released

by only a 1.4 kcal mol-1 barrier height.

Figure 50. Structures for transition state conTS1a′ , conTS1b′ and intermediate conInta′ for the
conrotatory pathway.
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Table 13. Relative energies including ZPE correction.
Structurea
MCSCFb
MRMP2c
benzvalyne
106.1
99.3
conTS1a′
131.9
120.9
conInta′
131.3
122.2
conTS1b′
140.9
123.6
benzyne
0
0
a
All geometries were optimized at the MCSCF(12,12)/cc-pVTZ level. b The geometries and
energies are calculated at the MCSCF/cc-pVTZ level. c The energies are calculated at the
MRMP2/cc-pVTZ/MCSCF/cc-pVTZ level.
4.4 Conclusion
Both conrotatory and disrotatory pathways for the thermal isomerization of benzvalene
and benzvalyne were calculated at the MCSCF/cc-pVTZ level. The lowest allowed activation
barrier for the benzvalene isomerization was determined to 25.8 kcal mol-1 through transition
state disTS with uncustomary singlet configuration character. The transition state disTSback with
singlet biradical nature isomerizes back to the benzvalene reactant via a disrotatory pathway. The
activation barrier height for disTSback is 8.8 kcal mol-1 higher than that of disTS. It shows the
isomerization of benzvalene to benzene is more kinetically favorable than back to benzvalene.
For the conrotatory pathway, the activation barrier of conTS1a is 26.8 kcal mol-1. The extra
intermediate conInta and transition state conTS1a were located on the IRC before the normal
transition state conTS2 bearing the trans double bond in the progress of isomerization. During
both disrotatory and conrotatory pathways, the double bond between C5-C6 participated in the
isomerization of benzvalene to benzene, not serving as a spectator, as witnessed by the double
bond transferring from C5-C6 to C3-C6.
For the benzvalyne isomerization, the activation barrier of disTS ′ has been determined to
be 22.9 kcal mol-1, 2.3 kcal mol-1 lower than that of benzvalene. The second π bond in the triple
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bond contained in benzvalyne is orthogonal to the p orbitals in atom C1 and C3 and is not in a
favorable geometry for delocalization. The activation barrier of conTS1a′ is 21.7 kcal mol-1 , 1.2
kcal mol-1 lower compared to the disrotatory pathway. The intrinsic reaction coordinates
demonstrate that conTS1b′ leads to the product without an intermediate bearing a trans double
bond. This means the 122.2 kcal mol-1 stored energy in conInta′ can be released by only a 1.4
kcal mol-1 barrier.
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CONCLUSION
Dinuclear rhenium catalysts, including cis and trans conformers have been synthesized,
isolated and characterized. Both Re2 complexes were efficient electrocatalyst for CO2 reduction
to CO. Catalytic rates were measured by cyclic voltammetry for cis-Re2Cl2, trans-Re2Cl2,
Re(bpy)(CO)3Cl, and anthryl-Re with estimated TOFs of 35.3, 22.9, 11.1, and 19.2 s-1,
respectively. The mechanistic studies proved the cis-Re2Cl2 went through bimetallic CO2
activation and conversion. The outstanding performance than trans-Re2Cl2 is due to the
limitation of intermolecular deactivation by cofacial arrangement of active sites and the
prevention of intramolecular Re-Re bond formation by the rigid anthracene backbone.
The photocatalytic results showed the Re2 catalysts perform significantly better (∼ 4X
higher TON) than Re(bpy)(CO)3Cl when the relative concentration in rhenium is held constant
(0.1 mM dinuclear vs 0.2 mM mononuclear). The mechanism study suggests a photosensitizerbased pathway is existed in both Re2 catalysts due to their comparable reactivity despite their
structure. The excited-state kinetics and emission spectra reveal that the anthracene backbone
plays a more significant role beyond a simple structural unit.
The lowest allowed barrier for the isomerization of DATCE is 36.1 kcal mol-1, the 12.2
kcal mol-1 disparity in the disrotatory barriers is due to electron delocalization of the N=N π bond
in DATCE in the transition state and steric effects. The isomerization of DATCA shows the
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energy disparity in the forbidden pathways is explained by the delocalization of the N atom lone
pair into the half-filled orbital on the adjacent carbon atom. The isomerization of TATCE was
used to identify π bond electrons showed greater contribution for molecular stabilization than
lone pair electrons.
The isomerization of benzvalene to benzene has barriers of 25.8 kcal mol-1 in disrotatory
channel and 26.8 kcal mol-1 in conrotatory channel. The intrinsic reaction coordinate shows
double bond in C5-C6 participated in the progress of isomerization, not server as a spectator. The
benzvalyne has barrier of 22.9 kcal mol-1 in disrotatory channel. The slight 2.3 kcal mol-1 lower
than that of benzvalene due to the second π bond in triple bond in benzvalyne is orthogonal to p
orbitals in atom C1 and C3 and is not in favorable geometry to delocalization. The absence of
normally intermediate with trans double bond suggests the up to 122.2 kcal mol-1 energy storing
in conInta′ would be released only by 1.4 kcal mol-1 barrier.
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Figure A1. Calculated energy barrier to rotational interconversion between the asymmetric transRe2Cl2 and symmetric cis conformers, cis-Re2Cl2 and cis 2 (as identified in Figure A2). Fully
optimized with wB97X-D functional and LanL2TZ(f) (Re atoms), 6-311+G* (COs and
coordinating Ns), and 6-311G* (all other atoms) basis sets.
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Figure A2. The seven possible isomers, maintaining the fac-tricarbonyl arrangement, that could
be formed upon metalation

7.3

7.2

Figure A3. 1H NMR spectrum (500 MHz, DMSO-d6) showing the aromatic region of the crude
reaction mixture following metalation of ligand 1 with two equivalents of Re(CO)5Cl.

Figure A4. Experimental FTIR spectra of A) cis-Re2Cl2 and B) trans-Re2Cl2 in DMF solution
showing the CO vibrational modes.
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Figure A5. Calculated infrared spectra showing the CO vibrational modes of A) cis 2, B) cisRe2Cl2, and C) trans-Re2Cl2 as specified in Figure S1 in DMF using the COSMO solvation mode.

Figure A6. A) Cyclic voltammograms at different scan rates with 2 mM Re(bpy)(CO)3Cl in
DMF/0.1 M Bu4NPF6 solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive
peak current vs the square root of scan rate (ν1/2) for each reduction. The given line equation
corresponds to the linear fit shown in black (first reduction), which was used to calculate the
diffusion coefficient, D = 5.40 x 10-6 cm2 s-1.
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Figure A7. A) Cyclic voltammograms at different scan rates with 2 mM anthryl-Re in DMF/0.1
M Bu4NPF6 solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak
current vs the square root of scan rate (ν1/2) for each reduction. The given line equation
corresponds to the linear fit shown in black (first reduction), which was used to calculate the
diffusion coefficient, D = 5.40 x 10-6 cm2 s-1.

Figure A8. A) Cyclic voltammograms at different scan rates with 1 mM cis-Re2Cl2 in DMF/0.1
M Bu4NPF6 solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak
current vs the square root of scan rate (ν1/2) for each reduction. The given line equation
corresponds to the linear fit shown in black for the second of the two initial overlapping 1ereductions.
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Figure A9. A) Cyclic voltammograms at different scan rates with 1 mM cis-Re2Cl2 in DMF/0.1
M Bu4NPF6 solutions under Ar, glassy carbon disc. B) Scan rate dependence: reductive peak
current vs the square root of scan rate (ν1/2) for each reduction. The given line equation
corresponds to the linear fit shown in black for the second of the two initial overlapping 1ereductions.
Reliable diffusion coefficients could not be calculated from the scan rate dependent CVs
of the dinuclear complexes due to the initial overlapping reductions. From the indicated slopes,
diffusion coefficients of 1.16 x 10-5 cm2 s-1 (cis-Re2Cl2) and 1.13 x 10-5 cm2 s-1 (trans-Re2Cl2) are
obtained using the Randles-Sevcik equation (eq 1), where n, the number of electrons transferred
in the redox event, was taken to be 1. However, the current response is complicated by the
intersecting waves.
𝑖𝑖𝑝𝑝 = 0.4463𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �

𝑛𝑛𝑛𝑛νD 1/2
𝑅𝑅𝑅𝑅

�

Equation 1

which simplifies to: 𝑖𝑖𝑝𝑝 = (2.69 × 105 )𝑛𝑛3⁄2 𝐴𝐴𝐷𝐷1⁄2 𝐶𝐶ν1⁄2 (at 298 K)

In eq 1, ip is the current (in A), F is Faraday’s constant (96,485 C/mol), A is the surface

area of the working electrode (0.0707 cm2 for a 3 mm diameter glassy carbon disc), C is the
concentration of the electroactive species (in mol/cm3, i.e. a 1 mM concentration is 1 x 10-6
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mol/cm3), ν is the scan rate (in V/s), D is the diffusion coefficient (in cm2/s), R is the ideal gas
constant (8.314 J/(mol•K), and T is the temperature (in K). The following conversion is also
useful, V = J/C, in working out the units.
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Figure A10. Cyclic voltammetry of cis-Re2Cl2, free ligand 1 (1,8-di([2,2'-bipyridin]-6-yl)
anthracene) and Re(bpy)(CO)3Cl in DMF/0.1 M Bu4NPF6 solutions, glassy carbon disc, ν = 100
mV/s.
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A

B

Figure A11. Cyclic voltammograms as a function of A) cis-Re2Cl2 catalyst concentration (from
0.2 to 1.5 mM), and of B) CO2 substrate concentration (from 0 to 0.20 M) in DMF/0.1 M
Bu4NPF6 solutions, glassy carbon disc, ν = 100 mV/s.

B

Figure A12. Cyclic voltammograms as a function of A) trans-Re2Cl2 catalyst concentration
(from 0.2 to 1.5 mM), and of B) CO2 substrate concentration (from 0 to 0.20 M) in DMF/0.1 M
Bu4NPF6 solutions, glassy carbon disc, ν = 100 mV/s.

147

Figure A13. From the cyclic voltammograms in Figure A12, catalytic current is plotted versus
[trans-Re2Cl2] (left graph) and versus [trans-Re2Cl2]1/2 (right graph). Despite the satisfactory
linear fits obtained from these plots, a slope of 1 from the log-log plot of the data confirms a
first-order dependence on catalyst concentration as shown in Figure 7 of the main text.
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Figure A14. Plots of (i/ip) from linear sweep voltammograms at different scan rates for A) cisRe2Cl2 (1 mM), B) trans-Re2Cl2 (1 mM), C) Re(bpy)(CO)3Cl (2 mM), and D) anthryl-Re (2
mM) in DMF/0.1 M Bu4NPF6 under CO2-saturation conditions, glassy carbon disc.
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Figure A15. A plot of TOF (s-1) vs scan rate (mV/s) for each catalyst as determined from linear
sweep voltammograms at different scan rates using equation 2 in the main text.

150

A

B

151

Figure A16. Foot-of-the-wave analysis (FOWA) and associated plot of TOF (s-1) vs scan rate
(mV/s) for A) cis-Re2Cl2 (1 mM), B) trans-Re2Cl2 (1 mM), C) Re(bpy)(CO)3Cl (2 mM), and D)
anthryl-Re (2 mM) from linear sweep voltammograms in DMF/0.1 M Bu4NPF6 under CO2saturation conditions, glassy carbon disc. TOFs were obtained using eq 3 in the main text.
No significant differences were observed in the estimated TOFs from FOWA when using
0
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐
rather than 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 in eq 3, except the TOF vs scan rate plots (Figure A16) were more well-

behaved before reaching the scan rate independent TOF maximum when using 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐/2 . Due to

slow catalysis following the initial overlapping one-electron reductions of the dinuclear catalysts,
the linear portion of FOWA plots was used to estimate TOFs.
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C

D

Figure A17. Cyclic voltammograms of catalyst cis-Re2Cl2 with different proton sources in
DMF/0.1 M Bu4NPF6 under Ar and CO2, glassy carbon disc, 𝜈𝜈 = 100 mV/s. A) 2 M H2O, B) 1 M
MeOH, C) 1 M TFE, and D) 1 M PhOH.
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A

B

Figure A18. Concentration dependence of added H2O as a proton source. A) Cyclic
voltammograms of 1 mM cis-Re2Cl2 with increasing amounts of H2O in DMF/0.1 M Bu4NPF6
under CO2, glassy carbon disc, 𝜈𝜈 = 100 mV/s. B) A plot of icat (at -2.17 V) vs [H2O].

B

Figure A19. Accumulated charge vs time for representative controlled potential electrolyses in
CO2 saturated DMF/0.1 M Bu4NPF6 solutions (A) and with 3 M H2O (B) for 1 mM cis-Re2Cl2, 1
mM trans-Re2Cl2, and 2 mM Re(bpy)(CO)3Cl in each condition. Eappl = -2.5 V vs Fc+/0 for
electrolyses shown in A; Eappl = -2.4 V vs Fc+/0 for electrolyses shown in B.

154

Figure A20. Reported catalytic cycles for the “one-electron” bimetallic (top) and “two-electron”
monometallic (bottom) pathways for CO2 reduction by Re(bpy)(CO)3Cl in DMF / 0.1 M
Bu4NPF6 (protons originate from Hofmann degradation of the supporting electrolyte).
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Figure A21. Proposed mechanism for cis-Re2Cl2 at Eappl = -2.5 V vs Fc+/0 in DMF/0.1 M
Bu4NPF6.
Table A1. Cartesian coordinates for optimized cis-Re2Cl2 conformer.
Element
0 1
C
C
C
C
C
C

x

y

z

-3.91636000
-3.02739400
-1.68639300
-1.27708000
-2.27732200
-3.54047600

3.82735700
4.54311200
4.08595300
2.86813100
2.08775600
2.57490900

1.19805700
0.46141800
0.28795700
0.91980200
1.59392800
1.75320700
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C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C

-0.77160300
0.06487600
0.99581500
0.55214500
1.47247400
1.11818800
2.75737200
3.22885500
2.38896700
-1.10491500
-4.93263100
-3.32483200
-4.28238000
0.38676000
3.44363100
4.27678000
2.96645400
3.06219800
3.71050500
2.63246400
4.12207400
3.79426900
-1.90412600
-1.22878000
-0.87644300
-1.00323200
-1.82868000
-0.37060000
4.27355800
4.79150700
-1.18413800
-0.92731600
3.44347300
-2.21412000
4.68263000
5.64240500
4.70822800
6.12963900
6.02264200
4.30898800
6.87893800
-2.17262900
-1.54108400

4.77758700
2.48849400
3.24561900
4.36173400
4.99725900
5.82003100
4.56515500
3.52427100
2.90155900
5.65232700
4.18034200
5.47225900
1.98617000
1.56342100
5.03031600
3.24386200
1.99017600
2.46210400
1.70417500
3.42742800
0.06437600
2.05276100
0.75823800
0.71429800
-0.50444400
1.64760100
-1.54626500
-0.56192100
0.49616300
-0.11549700
-1.65186200
-2.62283900
0.78610800
-0.36113300
-1.21922400
-1.93393000
-2.79372400
-3.12011800
-1.56060800
-3.09237100
-3.68721200
-2.75186700
-3.97400500
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-0.50334900
0.86228800
0.15429900
-0.62064000
-1.50858500
-2.12174700
-1.60800600
-0.76246200
0.11245300
-1.05476900
1.33184300
-0.01423400
2.28129200
1.33033900
-2.30656100
-0.79653100
1.13276200
2.44171100
3.39523200
2.67794700
1.70819500
4.41850000
2.14395100
3.35861100
3.90488000
3.85978900
1.97717400
4.86186700
3.01534400
3.74166700
3.20160400
3.60166100
0.78825200
1.46215700
1.23421200
1.94373500
-0.45854400
1.42344800
2.88529300
-1.41903600
1.96401500
1.19659200
1.39447600

C
-3.52479800
-3.66653300
-0.43649600
C
-1.94390300
-5.07133200
0.65485900
H
-0.71161600
-4.05304400
2.08368900
H
-4.29497500
-3.49345400
-1.17621400
H
-1.45165400
-6.02844700
0.78443400
N
4.23538900
-1.64599500
0.04135400
N
-3.12778800
-2.59863700
0.26532700
C
-2.97253300
-4.92115800
-0.26287800
H
-3.32475000
-5.74942400
-0.86460900
C
5.65014400
-3.56243300
0.19920600
H
6.00056000
-4.48291800
-0.25034400
Re
2.72036900
-0.41875100
-0.96269800
Re
-3.52531300
-0.54051200
-0.39886800
C
-5.06380800
-0.19694100
0.64740300
O
-6.00497300
0.02959800
1.28414800
C
-4.64672300
-1.00582500
-1.85060600
O
-5.34327600
-1.31415100
-2.71563100
C
-3.54772200
1.22950900
-1.12956800
O
-3.56469900
2.25551200
-1.64206100
C
2.14319700
-1.74227000
-2.20080100
O
1.84500600
-2.57598400
-2.93345300
C
3.95536900
0.25305400
-2.22238800
O
4.71925500
0.66998200
-2.98472000
C
1.41462200
0.74493100
-1.77433500
O
0.71273300
1.44975500
-2.33876800
Cl
-1.45371700
-1.03168500
-1.66580100
Cl
1.29117000
-1.30290900
0.91136100
Zero-point correction =
0.535847 (Hartree/Part.)
Thermal correction to Energy =
0.582462
Thermal correction to Enthalpy =
0.583406
Thermal correction to Gibbs Free Energy =
0.452529
Sum of electronic and zero-point Energies =
-3286.154382
Sum of electronic and thermal Energies =
-3286.107767
Sum of electronic and thermal Enthalpies =
-3286.106823
Sum of electronic and thermal Free Energies = -3286.237700
Table A2. Cartesian coordinates for optimized transition state (TS1) associated with rotational
interconversion between cis-Re2Cl2 and trans-Re2Cl2 conformers.
Element
0 1
C
C

x

y

z

-4.29286500
-3.13133400

4.41319400
4.92373300

0.87256100
0.38192600
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C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H

-1.95900000
-2.01056300
-3.23539800
-4.34125900
-0.78720300
-0.91383800
0.28552900
0.31212400
1.41166700
1.41681100
2.38403000
2.38377100
1.45126000
-0.74768200
-5.18884900
-3.08598300
-5.26384800
-1.07625600
3.19092200
3.17767600
1.66568900
0.83790300
0.90660100
0.14346200
2.74872100
0.23401300
-3.25103200
-2.68940700
-2.71875000
-2.23670200
-3.87797600
-2.27605300
1.81802900
1.87675000
-3.34044300
-3.38450400
2.73191800
-3.79742500
3.88693900
3.75145600
6.11445000
4.85485500
2.78591800

4.11544100
2.76527600
2.27997400
3.07663000
4.55480200
1.92406400
2.36170300
3.71795400
4.17247200
5.20250800
3.30567000
1.98507300
1.52280300
5.56103900
5.02219300
5.94808900
2.69529300
0.87239600
3.60623900
1.33544100
0.17104500
-0.39817200
-1.74802800
0.21211100
-1.87910100
-2.18222800
0.95002600
0.85130600
-0.35586600
1.73223800
-1.28297600
-0.45697400
-2.53488200
-3.60417800
-1.43553500
-2.38892800
-0.55339500
-0.11323600
-2.61537600
-3.89646500
-2.54201500
-4.50778900
-4.38667300
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0.29330500
0.74059700
1.30501100
1.35408100
-0.31391900
0.55228400
-0.01043400
-0.49678200
-1.28489400
-1.62759200
-1.65787000
-1.15195800
-0.26006200
-0.72172000
0.91388800
0.02528900
1.77986300
0.72127000
-2.31605400
-1.48729800
0.32663000
1.30169000
1.58156200
1.85224400
0.11183800
2.31200700
1.96684900
3.23949700
3.90765100
3.67701400
2.03281200
4.89209100
0.90095100
1.05697400
3.30088300
3.80918300
-0.10342600
1.35839200
-0.48501200
-1.00348400
-1.09367900
-1.57629100
-0.98764900

H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O
Cl
Cl

7.02076800
4.77042600
-4.57999100
-4.92697200
-5.55822200
-5.60132800
-4.68862300
-5.78995000
-5.87601500
5.05360900
-4.90452700
-5.92222900
-6.44926300
6.05864100
6.94321400
5.03639900
-4.21400100
-5.90499800
-6.93095300
-4.54494000
-4.76642200
-3.48286100
-3.08396700
6.86960400
7.99483200
4.74271300
4.57222400
4.84235800
4.73779800
-1.98959000
5.37290600

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

-1.95145800
-5.50231800
-2.38612400
-3.57742900
-3.10279300
-4.55357200
-3.74378800
-2.87057900
-5.48676500
-1.95562100
-2.15700800
-4.31333600
-5.04404700
-3.81929000
-4.25208500
0.10915900
-0.28138900
0.56725500
1.09434600
-0.79034400
-1.13018900
1.32570100
2.26551900
0.29089400
0.37477200
-0.37313200
-0.66371500
1.94729300
3.04548500
-1.42819900
0.57551100

-1.12917100
-1.99962700
1.33997000
1.96918600
-0.62897400
1.25665600
3.01082000
-1.65997600
1.73482100
-0.52722900
0.05609100
-0.07064000
-0.67091500
-1.62081200
-2.07046400
0.22063100
-0.84674200
-0.76134600
-0.70145200
-2.64414600
-3.72133900
-1.59914500
-2.12036500
0.59967400
0.83118900
2.02962000
3.13458500
0.71906000
1.03486000
-0.73260200
-2.19989300

=
0.53634 (Hartree/Part.)
Energy =
0.582311
Enthalpy =
0.583255
Gibbs Free Energy =
0.453217
zero-point Energies =
-3286.126771
thermal Energies =
-3286.080802
thermal Enthalpies =
-3286.079858
thermal Free Energies = -3286.209896

Table A3. Cartesian coordinates for optimized trans-Re2Cl2 conformer.
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Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C

x
2.93457600
2.00117600
0.99121400
0.97006700
1.95327700
2.90208200
0.04053200
0.03903100
-0.89307700
-0.91005000
-1.90228600
-1.91531200
-2.82196100
-2.80011800
-1.86579000
0.04477400
3.70808400
2.01769800
3.64200200
0.05320400
-3.58581800
-3.54956000
-1.80437800
-0.75555500
-0.70771200
0.02499100
-2.76026700
0.12459400
1.88974500
0.82842800
0.76941600
0.05367200
2.83164500
-0.06699300
-1.74301000
-1.73843200
1.80096300
1.78266200
-2.76140600
2.85272700
-3.91055900

y
-3.82925000
-4.49717300
-3.79273900
-2.36348200
-1.69662000
-2.41143000
-4.45631100
-1.66704400
-2.33351000
-3.76399600
-4.44105200
-5.52649000
-3.74435000
-2.32394400
-1.63586800
-5.54247000
-4.36896600
-5.58117600
-1.89342300
-0.58308700
-4.26237700
-1.78150200
-0.15712500
0.40430200
1.77049700
-0.23831100
1.93272100
2.22123900
-0.22418200
0.31514700
1.67713400
-0.34205900
1.88070700
2.10960300
2.54265800
3.61365800
2.46922300
3.53754100
0.60463800
0.55422200
2.69767500
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z
2.18716800
1.45853300
0.73679100
0.78745900
1.59258900
2.26237000
-0.03532800
0.01930500
-0.77338100
-0.78151800
-1.55311900
-1.54428200
-2.27059100
-2.28194200
-1.56483100
-0.06177100
2.72158600
1.40283900
2.86330600
0.02275000
-2.83901500
-2.84697400
-1.68081900
-2.40403800
-2.59144500
-2.79035200
-1.37281600
-3.11770600
1.76118800
2.48382100
2.69628200
2.85589400
1.50203500
3.23190600
-2.09124000
-2.24254100
2.21756700
2.38467700
-1.12131700
1.23988200
-0.84191200

C
C
C
H
H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O
Cl
Cl

-4.18376300
-5.80446800
-5.30089800
-3.54538400
-6.43106200
-5.52624100
3.98114600
4.20569100
5.92087000
5.32146700
3.52315600
6.57510200
5.50446900
-4.71761900
4.83883700
6.19973300
7.08761700
-6.13006200
-7.02266400
-4.24749100
4.29141600
5.52391500
6.27215000
5.53011300
6.29930300
3.64327800
3.29941700
-5.61825500
-6.45156300
-3.05427500
-2.33004100
-3.84948200
-3.64894900
2.59414800
-5.76118200

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and

4.01060900
2.64929800
4.64677400
4.52799800
2.06284700
5.66782800
2.66032100
3.99259800
2.62096600
4.64251600
4.52167500
2.03371400
5.68134900
2.03549000
1.99052300
3.94326000
4.40612900
3.95304500
4.40176400
-0.06534900
-0.04830700
-0.89767600
-1.42377400
-0.20114700
-0.26381400
-1.76514700
-2.78924800
-0.33497100
-0.46342700
0.35205600
0.61407100
-1.92585300
-3.03371500
1.16406400
-0.44335400

-1.21491400
0.48617400
-0.70302000
-1.91797700
1.14457500
-0.98924000
0.99104100
1.32519000
-0.27183700
0.82829000
1.97602300
-0.90260100
1.07815100
0.00374600
0.20123900
0.01391500
-0.39760700
0.16509100
0.58206600
0.43782700
-0.38442000
0.77293700
1.47896800
-1.81327300
-2.66788800
-0.94323000
-1.32749100
1.72191100
2.50625600
1.83695600
2.70575900
0.68674700
0.90533800
-1.77806100
-1.50172000

=
0.537264 (Hartree/Part.)
Energy =
0.583698
Enthalpy =
0.584642
Gibbs Free Energy =
0.454402
zero-point Energies =
-3286.170118
thermal Energies =
-3286.123685
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Sum of electronic and thermal Enthalpies =
Sum of electronic and thermal Free Energies =

-3286.122740
-3286.252980

Table A4. Cartesian coordinates for optimized transition state (TS2) associated with rotational
interconversion between trans-Re2Cl2 and cis 2 conformers.
Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C

x
1.64149900
0.42174600
-0.68267200
-0.47703900
0.89554800
1.84634000
-1.97132400
-1.62925800
-2.92245900
-3.10856900
-4.43171100
-4.56381000
-5.50830600
-5.33050800
-4.08262400
-2.09107100
2.48062400
0.24693700
2.86227700
-1.55537200
-6.51250100
-6.20137700
-3.92806300
-4.43895100
-4.25142600
-4.96985900
-3.02320900
-4.66549000
1.23832800
0.40583100
0.84769700
-0.57330500
2.97931600
0.16822100
-3.51104100

y
4.24804200
4.81821800
4.03155400
2.66220000
2.15186300
2.90820900
4.55354900
1.89597300
2.39902400
3.77484200
4.28347400
5.33084500
3.46606800
2.09804600
1.56542900
5.58997900
4.79465400
5.85129200
2.54663700
0.83289100
3.84954900
1.46145500
0.17050600
-0.13983200
-1.40361700
0.62637300
-1.96020500
-1.66766900
0.72855200
-0.06125500
-1.23965100
0.27591600
-0.76899900
-1.83518700
-2.32111500
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z
0.20481500
0.34732100
0.79298100
1.18859800
1.24762200
0.61214000
0.69881900
1.34261400
1.21236400
0.90204700
0.74569700
0.49308000
0.89407300
1.23073900
1.37984700
0.39543100
-0.20921200
0.06336500
0.55290400
1.44201800
0.75403900
1.34939400
1.86538300
3.12343200
3.64982400
3.67361000
1.67870700
4.61629100
1.56325000
2.37889000
2.94588400
2.66195900
2.04917500
3.54637200
2.92633600

H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O
Cl
Cl

-3.35072400
2.17103200
2.56737200
-3.26176100
2.53527300
-2.19944500
-1.58883700
-1.25288200
-0.79651200
-1.71595800
-1.13184700
-0.31355000
4.41337800
5.17754400
6.23588300
6.51742800
4.73309500
6.61636900
7.13640300
-2.02364400
4.93804900
7.05596900
8.10026300
-0.62468900
-0.00277900
-3.00469300
3.65676100
2.46617600
1.73895800
4.59941500
5.19386400
2.60695300
2.04658700
-2.89597900
-2.81611400
-1.33753500
-0.30515500
-3.90604900
-4.42013100
5.18926700
-5.11364900

-3.31799000
-1.60645700
-2.51206300
-0.74648500
0.33867500
-2.88423700
-4.01284400
-3.30492800
-4.80658400
-4.26605700
-2.97432300
-5.68974800
-1.09627600
-1.65378700
-1.04717700
-1.91827100
-1.84284000
-0.76327400
-2.34233900
-2.53955400
-0.80385900
-1.61162600
-1.78795900
-4.44661000
-5.02348400
-0.70894000
0.24509400
-1.18734900
-2.06600500
-0.23034200
-0.54906300
1.38915300
2.08792000
-1.07064100
-1.31703600
0.17726600
0.68245800
0.91122300
1.88190600
2.10349200
-2.02227800
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3.31379400
2.80023700
3.24128800
1.13724600
1.43683300
0.86894500
1.40313900
-1.19809600
0.59021300
2.44739100
-2.22076300
0.99269700
1.86683300
2.88411400
0.45051000
2.65116100
3.85334700
-0.52191200
3.43371500
-0.41790800
0.66907400
1.41045200
1.18629900
-0.73624900
-1.40806200
-1.11467100
-0.76534100
-1.09247400
-1.28887400
-2.31552700
-3.25040500
-1.90320400
-2.61360100
-2.97497100
-4.09501000
-1.23634300
-1.34592200
-1.59694200
-1.92984400
-0.14822200
-0.87281900

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

=
0.536558 (Hartree/Particle)
Energy =
0.582441
Enthalpy =
0.583385
Gibbs Free Energy =
0.455008
zero-point Energies =
-3286.119454
thermal Energies =
-3286.073571
thermal Enthalpies =
-3286.072627
thermal Free Energies = -3286.201004

Table A5. Cartesian coordinates for optimized cis 2 conformer.
Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C

x
4.89187500
3.92244100
2.55890500
2.22527700
3.29200000
4.57190200
1.53846600
0.88539700
-0.14144400
0.19820400
-0.84587300
-0.57480700
-2.15037200
-2.49804000
-1.53423300
1.79185100
5.92442500
4.16796400
5.36448400
0.63568200
-2.94146200
-3.54481200
-1.95076000
-1.54084100
-1.99393800
-0.87653300
-3.26939400
-1.67899700
2.95675700
2.91398300

y
3.48157000
4.21857400
3.79303000
2.56256900
1.77748000
2.24297100
4.55322300
2.19216600
3.00134700
4.19097700
4.99398300
5.87884900
4.66292500
3.51623400
2.70241300
5.46864200
3.81041800
5.14935500
1.63583700
1.25295100
5.26957200
3.27662700
1.61302800
1.68755900
0.75985600
2.49003700
-0.23468400
0.80052200
0.48464000
0.41397400
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z
0.87304700
0.27202300
0.29289700
0.93951100
1.49850000
1.49351700
-0.27408300
1.04953600
0.56537300
-0.15411700
-0.70468500
-1.27211200
-0.52079900
0.23953800
0.76380300
-0.80160600
0.85304800
-0.22942300
1.91852800
1.52935900
-0.94589500
0.39100600
1.67952200
3.01342900
3.92586900
3.30787800
2.16526900
4.96248600
2.14389600
3.53172400

C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C

2.52481700
3.18440100
2.21563800
2.50511300
-2.88731000
-3.26937700
2.15026800
1.84039900
-2.76643800
2.64603400
-4.25498400
-5.05735300
-5.26173200
-5.97660000
-4.98915100
-5.32446900
-6.61240600
1.80452400
1.13166500
1.71623900
0.75818500
0.89139700
1.95457200
0.23621800
-4.36540200
2.08383500
1.05759400
0.78225300
-6.07962200
-6.79036400
-3.18207500
3.20460400
1.71296600
0.83185000
3.64089000
3.88261500
4.30407800
4.97806900
-3.68525300
-4.00043600
-1.66551200
-0.76683400
-2.25130300

-0.76457200
1.29031300
-1.70591100
-0.85103900
-0.20875000
-0.94012400
-1.83178400
-2.76255800
0.63123700
-0.57286700
-1.22028400
-1.97694100
-2.16914500
-2.86041500
-1.85996100
-2.19813800
-3.45107200
-2.80127200
-3.93460600
-3.55557800
-4.90438200
-4.06301000
-3.35822100
-5.79507100
-1.32088100
-2.61960800
-4.71263000
-5.43752200
-2.96163600
-3.62889500
0.05191600
-0.82468000
0.10778600
0.69834300
-1.42001400
-1.80867700
0.68224700
1.54914300
-0.67691800
-1.15515900
-1.07227800
-1.80086500
1.38894000
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4.14154700
4.10734700
1.96461300
5.22225900
3.49706500
4.19593500
3.34620000
3.80068600
1.25481700
1.37286800
1.66572100
2.51419900
-0.18601100
1.97591100
3.58719100
-1.26545500
2.62545800
1.05848500
1.50080900
-1.12185700
0.58671400
2.54748500
-2.15813400
0.91758100
0.33151800
-0.24185800
-0.75198200
-1.50722300
0.59726000
0.12649000
-0.90245800
-0.80950400
-1.51915400
-1.97101400
-2.55335100
-3.61022400
-1.23095100
-1.56792800
-2.57561100
-3.57536100
-0.89517600
-0.85779600
-1.92868100

O
Cl
Cl

-1.74774800
5.09744200
-5.24670200

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

2.16733800
-2.02982400
1.43332500

-2.59876700
0.28933200
-0.66377800

=
0.536745 (Hartree/Particle)
Energy =
0.583152
Enthalpy =
0.584096
Gibbs Free Energy =
0.453952
zero-point Energies =
-3286.157474
thermal Energies =
-3286.111067
thermal Enthalpies =
-3286.110123
thermal Free Energies = -3286.240267

Table A6. Cartesian coordinates for symmetric cis-Re2Cl2 (Cl in), calculated infrared spectrum in
DMF.
Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C

x

y

z

-3.64109700
-2.65428200
-1.33680200
-1.03832200
-2.12415800
-3.37680000
-0.33297300
0.28559800
1.30736000
0.97623400
1.98573500
1.72619400
3.25701600
3.61174600
2.67451700
-0.58275800
-4.64173000
-2.86224400
-4.17855900
0.53425200
4.01763700
4.64521900
3.12687800
3.11022000

3.92809100
4.66424000
4.13568100
2.81393800
2.03715900
2.60290500
4.84895800
2.34952300
3.12118700
4.35666900
5.02017200
5.94299700
4.50018600
3.34178600
2.68431100
5.80709700
4.34233700
5.66716000
2.01521400
1.35090500
4.99920600
2.99117800
1.64363100
1.94682200

1.29858000
0.68759200
0.53428300
1.05085800
1.58936400
1.73206100
-0.13918900
0.99515000
0.42536500
-0.24625700
-1.00864200
-1.53210600
-1.09429700
-0.35004200
0.42214000
-0.60248100
1.42914100
0.30823000
2.17870000
1.36070400
-1.69657500
-0.35495200
1.37874000
2.74723500
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C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C

3.67444700
2.67059000
4.21754100
3.67172400
-1.89448200
-1.04545300
-0.82078600
-0.57079200
-2.34352500
-0.14943400
4.26548300
4.73018000
-1.48696800
-1.34107700
3.61569800
-2.52169600
4.78448200
5.64432400
4.96393800
6.16393900
5.91840400
4.66768900
6.83516800
-3.13243100
-3.09239200
-4.76396800
-3.91331900
-2.42564400
-5.41012100
-3.88444100
4.45019700
-3.95817400
-4.77483500
-5.44535500
5.81898800
6.20478900
3.03281500
-3.72302400
-5.28387000
-6.25704800
-4.74311700
-5.38100100
-3.28664400

1.05989000
2.89005400
-0.38772400
1.28094100
0.63800800
0.40156600
-0.89737100
1.25261400
-1.65820700
-1.09805400
-0.10687600
-0.80841300
-1.93626400
-2.96019100
0.46488500
-0.38273400
-1.61395100
-2.47372100
-2.93935800
-3.59435600
-2.26000500
-3.08132000
-4.26945500
-2.71530100
-4.06086300
-3.21357900
-4.99106800
-4.38386300
-2.83337400
-6.03914300
-1.85488600
-2.30747100
-4.55667300
-5.24306100
-3.83023800
-4.68978400
-0.47802000
-0.26822200
0.38786700
0.79384200
-0.48735800
-0.63887200
1.48573700
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3.65829200
3.06942400
1.81283200
4.72587100
2.02859400
3.11782800
3.55650900
3.60499600
1.84882000
4.39139200
3.17938900
3.86926700
2.91759200
3.25324400
0.92653900
1.37924800
1.23093700
1.92577800
-0.68675700
1.28432700
2.95726500
-1.72468400
1.81561400
1.19350300
1.58483500
-0.40772600
0.95593600
2.38128600
-1.19654100
1.25466500
-0.06739700
0.18921700
-0.05421600
-0.56981400
-0.04897600
-0.59567700
-0.98101000
-0.50957800
0.35808000
0.87174800
-2.10315900
-3.07217600
-1.17196100

O
C
O
C
O
C
O
Cl
Cl

-3.02447800
2.54921200
2.26774500
4.36845700
5.18337900
1.75901300
1.01005500
-1.66998300
1.39887800

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

2.51570500
-1.61510000
-2.33293100
0.35668500
0.88138600
0.77419100
1.50704800
-1.18481200
-1.53754300

-1.65060200
-2.43676200
-3.31577400
-2.04852100
-2.70731200
-1.69874300
-2.21095200
-1.58643500
0.58868200

=
0.514427 (Hartree/Particle)
Energy =
0.562481
Enthalpy =
0.563425
Gibbs Free Energy =
0.429315
zero-point Energies =
-3287.740995
thermal Energies =
-3287.692941
thermal Enthalpies =
-3287.691997

Table A7. Cartesian coordinates for symmetric cis 2 (Cl out), calculated infrared spectrum in
DMF.
Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C
C
C
H
H
H
H

x

y

z

-3.89621800
-2.88429400
-1.55308600
-1.27374000
-2.37220100
-3.64403600
-0.51191400
0.05013200
1.10027000
0.80250500
1.85310400
1.62148500
3.12832600
3.44070000
2.46196700
-0.73356400
-4.91002800
-3.08456500
-4.46458500

3.98237400
4.70904400
4.19498900
2.90724900
2.14814000
2.68450100
4.88481300
2.44376900
3.17991300
4.39303600
5.03964400
5.94626900
4.52334500
3.37575800
2.73162500
5.82368500
4.38355300
5.68990400
2.08660300

1.00661400
0.42505200
0.36969400
0.96972800
1.49778000
1.52678600
-0.27100600
1.00863500
0.44615400
-0.28274400
-1.00263900
-1.56614500
-0.99963300
-0.22079500
0.50982600
-0.78530900
1.04637500
-0.01188400
1.92492100
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H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C
H
H
H
N
N
C
H
C
H
Re
Re

0.27056900
3.92135900
4.46532100
2.85809100
2.83546100
3.33843600
2.43742600
3.86003600
3.32617500
-2.10471900
-1.51831500
-1.26927900
-1.26993700
-2.20629600
-0.81617800
3.88731500
4.31282000
-1.62969000
-1.46654700
3.29834100
-2.42153300
4.41649900
5.23847800
4.62637400
5.75665900
5.48795400
4.35959100
6.39975400
-2.62907700
-2.42919700
-3.69542500
-2.88405000
-1.91805800
-4.18826600
-2.73107700
4.11245400
-3.24776100
-3.53836300
-3.91996900
5.44764400
5.83558000
2.81921800
-3.36262600

1.47873800
5.01075700
3.00452800
1.67385800
1.97944000
1.06749800
2.94402800
-0.39949300
1.28851200
0.81306600
0.77032500
-0.45352100
1.71078000
-1.52609600
-0.50511300
-0.12359800
-0.84233700
-1.61286600
-2.58259500
0.47090300
-0.32052800
-1.63554900
-2.51566600
-2.95390900
-3.64238000
-2.31213800
-3.08424300
-4.33220500
-2.72620200
-4.03150700
-3.55804700
-5.11442900
-4.20529300
-3.32519600
-6.13202900
-1.86570600
-2.50269300
-4.87227800
-5.68449300
-3.86370800
-4.72565900
-0.41341500
-0.44542500
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1.46793400
-1.56892500
-0.18624300
1.47461100
2.84235900
3.76418900
3.15564500
1.92584400
4.83163800
2.09345000
3.36453400
3.97445300
3.85530700
2.02763200
4.96460100
3.29442900
3.99190000
3.29775600
3.76194000
1.02976100
1.41279600
1.35173400
2.06625000
-0.56700100
1.43333900
3.10595200
-1.61421500
1.98023900
1.28792000
1.75807900
-0.61913300
1.01244900
2.70234000
-1.56109400
1.37249800
0.04431600
0.09638100
-0.19720900
-0.81467200
0.08950600
-0.45185800
-0.94214000
-0.60694100

C
O
C
O
C
O
C
O
C
O
C
O
Cl
Cl

-4.33660700
-4.94004900
-3.35129800
-3.31529500
2.49981600
2.30624700
1.76194400
1.12166100
1.26616300
0.34011000
-1.77372400
-0.85155200
4.97311500
-5.46896400

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

-0.82298300
-1.07127100
1.37677800
2.43336600
-1.44089700
-2.09826900
0.96089300
1.75727500
-1.17416900
-1.66059300
-0.66891700
-0.81059800
0.54049700
-0.32397900

-2.19856100
-3.16968000
-1.21774800
-1.71322400
-2.51797000
-3.46593100
-1.77521900
-2.33689900
-0.15155800
0.37552900
-1.63056100
-2.33735800
-1.75854900
0.73947000

=
0.514621 (Hartree/Particle)
Energy =
0.562664
Enthalpy =
0.563608
Gibbs Free Energy =
0.429354
zero-point Energies =
-3287.742226
thermal Energies =
-3287.694183
thermal Enthalpies =
-3287.693239
thermal Free Energies =
-3287.827493

Table A8. Cartesian coordinates for asymmetric trans-Re2Cl2, calculated infrared spectrum in
DMF.
Element
0 1
C
C
C
C
C
C
C
C
C
C
C
H
C

x
2.80502
1.89857
0.93574
0.91585
1.87307
2.79204
0.02437
0.00112
-0.89778
-0.89379
-1.82669
-1.81848
-2.72357

y

z

-3.74458
-4.43833
-3.74858
-2.30185
-1.61367
-2.32344
-4.42911
-1.61644
-2.29818
-3.74475
-4.42899
-5.52121
-3.72934

2.37334
1.60579
0.80773
0.83035
1.65031
2.39605
-0.01466
0.01885
-0.81240
-0.82618
-1.66363
-1.67294
-2.43658
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C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C
H
H
H
N
N

-2.73467
-1.84567
0.03537
3.54163
1.90821
3.51477
-0.00583
-3.43766
-3.46199
-1.79193
-0.75510
-0.69429
0.00436
-2.70967
0.12100
1.81399
0.74933
0.66630
-0.01091
2.72657
-0.16959
-1.69874
-1.68611
1.67822
1.64654
-2.73158
2.77372
-3.80623
-3.99648
-5.70507
-5.07079
-3.31547
-6.36003
-5.22557
3.85248
4.01373
5.87084
5.13510
3.27134
6.58245
5.26663
-4.66141
4.77856

-2.30790
-1.60410
-5.52290
-4.27940
-5.53040
-1.78616
-0.52586
-4.26034
-1.76303
-0.12066
0.46211
1.84380
-0.18155
1.99209
2.31052
-0.13250
0.44786
1.83077
-0.19978
1.98523
2.29542
2.61374
3.69562
2.60574
3.68918
0.63512
0.62513
2.75302
4.12808
2.66148
4.77035
4.69549
2.04141
5.83948
2.74289
4.12566
2.62451
4.75757
4.70757
1.98974
5.83309
2.03316
2.00650
172

-2.42386
-1.63689
-0.02918
2.97472
1.58689
3.01165
0.02543
-3.06794
-3.02681
-1.71570
-2.45362
-2.59293
-2.89470
-1.27769
-3.14518
1.74061
2.43973
2.55407
2.87235
1.31097
3.07702
-2.01679
-2.12899
1.99638
2.08805
-1.09015
1.15068
-0.65581
-0.84879
0.70560
-0.24052
-1.47960
1.31467
-0.38730
0.74096
0.90204
-0.43569
0.37357
1.44423
-0.96052
0.49383
0.12191
0.06491

C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O
Cl
Cl

6.08662
6.98546
-5.94366
-6.80137
-4.25318
4.30645
5.46974
6.18165
5.66807
6.51398
3.73985
3.44821
-5.68593
-6.56654
-3.11608
-2.43551
-3.86445
-3.67718
2.69061
-5.69935

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

3.99042
4.43657
4.02181
4.47649
-0.09497
-0.08543
-0.74260
-1.16127
-0.36898
-0.51965
-1.88219
-2.97063
-0.44284
-0.63439
0.20845
0.39427
-1.97334
-3.11061
0.84232
-0.33825

-0.30246
-0.72628
0.55144
1.04561
0.35291
-0.28748
1.06687
1.89824
-1.59347
-2.38708
-0.67681
-0.97620
1.56234
2.30823
1.84524
2.78185
0.49892
0.67934
-1.95506
-1.66663

= 0.514483 (Hartree/Particle)
Energy = 0.562698
Enthalpy = 0.563642
Gibbs Free Energy = 0.427710
zero-point Energies = -3287.747424
thermal Energies = -3287.699209
thermal Enthalpies = -3287.698265
thermal Free Energies = -3287.834197

Table A9. Cartesian coordinates for optimized neutral Re-Re dimer.
Element
0 1
C
C
C
C
C
C
C
C

x
-3.55240500
-4.43355600
-4.11299500
-2.87228200
-1.95753200
-2.29355300
-4.91285000
-2.50851500

y
-4.13813000
-3.17443900
-1.78797500
-1.45337600
-2.48342600
-3.79434400
-0.75580200
-0.12365100
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z
0.77089800
0.37084500
0.51476500
1.13854300
1.53110200
1.35079000
0.01095500
1.27369400

C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C
C
C

-3.26889000
-4.49904300
-5.22519500
-6.15844600
-4.73947400
-3.50872900
-2.78787600
-5.84764300
-3.79375000
-5.37456900
-1.59634900
-1.56557600
-5.28690500
-3.14268700
-1.56741300
-1.76592800
-0.69996100
-2.77219100
0.72007900
-0.84891700
-0.68381200
-0.66064500
0.47187700
-1.54941700
1.53867000
0.48473500
0.54758500
1.39859000
1.58105500
2.48923700
-0.33096800
0.38858000
2.04215000
3.23247000
3.26691500
4.44899400
3.19768200
3.24539200
5.37311700
2.73603100
4.03109800
3.61462700
5.12711800

0.89487000
0.58070700
1.65422300
1.43354400
2.93010900
3.23688900
2.24619600
-1.00255200
-5.18668100
-3.44986500
-4.58094800
0.11334700
3.73089200
4.25930800
2.48827200
2.95738800
3.02101700
3.22349100
2.24897000
3.35417600
-2.05297100
-1.99313200
-1.52079900
-2.29234400
-1.34297500
-1.42563200
2.65046900
2.70242000
-1.20702300
-0.86753800
2.12398900
-1.66951400
2.04382800
2.20898300
1.77824800
2.17091500
2.38281800
1.60406400
2.31070900
-1.23579400
-1.15628200
-1.35020300
-1.20123300
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0.72061600
0.06544500
-0.54036000
-1.05047900
-0.50989600
0.14565000
0.74669000
-0.48625200
0.63003600
-0.09661100
1.62335900
1.74498500
-0.99627500
0.15111100
1.56445100
2.85243100
3.74906500
3.15399500
1.96852000
4.77044400
2.17732200
3.56010100
4.22599600
4.10335300
2.07905700
5.30632700
3.29982200
3.96590300
3.47322000
3.95509900
1.10562500
1.41686800
1.39517100
2.12048100
-0.56792800
1.47538000
3.18852600
-1.63560500
2.02531900
1.25655300
1.78779500
-0.89600000
0.95200200

H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O

4.17582000
3.41057100
6.13228300
2.05513400
2.52937900
4.90781200
5.72992700
4.45574000
5.38073000
0.20958500
0.54553700
0.63024200
0.66380600
1.01402500
1.34083400
-1.26991500
-2.31940300
1.02596100
1.58700000
-0.05519800
-0.23008700
-1.48130700
-2.47001600

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

-1.09272500
-1.42641900
-1.16527300
1.80498600
-1.34839100
-1.29190900
-1.32602400
1.96995800
1.94379600
1.63527400
-1.71727900
-3.60164700
-4.76591200
-1.72802900
-1.80091700
-1.84001500
-1.96780700
1.31429800
1.19960300
3.44251700
4.54826200
1.20882800
0.99291700

2.85861800
-1.95675700
1.35759500
0.05420800
-0.08315400
-0.42655800
-1.13207700
0.08748200
-0.47648100
-0.98291800
-0.78373000
-0.77236800
-0.76787900
-2.62963500
-3.74209100
-1.40769000
-1.87990100
-2.67024200
-3.68300700
-1.46402300
-1.78487500
-1.80567800
-2.36813200

=
0.533275 (Hartree/Part.)
Energy =
0.575610
Enthalpy =
0.576555
Gibbs Free Energy =
0.458127
zero-point Energies =
-2365.184572
thermal Energies =
-2365.142236
thermal Enthalpies =
-2365.141292
thermal Free Energies = -2365.259720

Table A10. Cartesian coordinates for optimized one-electron reduced Re-Re dimer.
Element
-1 2
C
C
C
C
C
C

x
-5.11334400
-5.40924600
-4.54503700
-3.37300200
-3.10515100
-3.95656600

y
-2.21363500
-0.88854600
-0.02282700
-0.58955600
-1.99547400
-2.77953100
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z
-0.90608100
-0.76539900
-0.02276300
0.56882600
0.43332400
-0.29024300

C
C
C
C
C
H
C
C
C
H
H
H
H
H
H
H
C
C
C
H
C
H
C
C
C
H
C
H
C
H
C
H
N
N
C
C
C
C
H
H
H
C
C

-4.78306000
-2.47871300
-2.66897700
-3.86114700
-4.01002700
-4.91190700
-3.01319900
-1.80328500
-1.62780500
-5.67455200
-5.76178100
-6.29252100
-3.74861200
-1.57109600
-3.12163800
-1.00598700
-0.38787500
-0.33725900
0.78786400
-1.18674600
1.79851200
0.80928400
-1.98261000
-2.33698800
-1.34332300
-3.38890900
0.29596900
-1.60949200
1.84750200
2.73132500
-0.04437900
0.74155500
0.62158700
-0.68142600
2.92952500
4.25755500
3.74368000
5.30737600
4.43855200
3.50301800
6.32356000
1.64119100
2.77067000

1.34819900
0.23534400
1.60833600
2.18399900
3.60456800
4.05709500
4.38329500
3.80476100
2.45034300
1.78374300
-2.85522900
-0.46638100
-3.83948300
-0.18456200
5.46371200
4.44872900
1.80381100
1.53444700
0.87300400
1.80331900
0.99288900
0.58089400
-2.54424600
-3.18558800
-3.54105400
-3.34710600
-2.63543800
-4.02304700
0.61863400
0.11849400
-3.24012700
-3.49371200
1.46762400
-2.27059400
0.92962800
0.71075400
1.19314900
0.75148100
0.53742100
1.38107500
0.60084300
-2.45308000
-2.74305500
176

0.12497500
1.23863300
1.30352900
0.76389400
0.83129900
0.42730400
1.34595100
1.83449000
1.81621800
-0.32113200
-1.49538600
-1.23753300
-0.40282700
1.64986600
1.36310200
2.19305500
2.34238500
3.69210400
4.23406200
4.30918700
2.04363000
5.27919700
1.24410500
2.40950400
3.34987500
2.61397900
1.82059300
4.28515800
3.41002400
3.78858800
3.05685500
3.75750800
1.47821900
0.90336200
1.18772100
1.63946300
-0.99902100
0.76344200
2.69354100
-2.03900500
1.11479100
1.40926600
2.22144700

C
C
H
H
H
N
N
C
H
C
H
Re
Re
C
O
C
O
C
O
C
O
C
O
C
O

3.08379200
4.03395400
2.62547400
3.17936900
4.89714900
2.68886900
1.81279900
4.19311300
5.17140000
5.04148500
5.83323300
0.71456600
0.07988200
-0.25212800
-0.46079800
1.07400000
1.73466400
-1.49934700
-2.42490100
1.09743200
1.35577200
0.91707100
1.02476200
-1.10368000
-2.15003300

Zero-point correction
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

-1.98527300
-2.68632500
-3.01810900
-1.66104100
-2.90917100
1.20024300
-2.02232700
-2.31817800
-2.24605700
0.98267200
1.00229400
1.80018900
-1.63794500
-3.32847000
-4.36739600
-1.15332900
-0.94726600
-0.98124500
-0.61231200
1.96991000
2.13644700
3.65383400
4.81202300
2.09307700
2.33181400

-0.38132100
1.70263900
3.25939400
-1.40950800
2.32232200
-0.14311900
0.11122700
0.34441100
-0.11484700
-0.60898700
-1.34901500
-0.68184800
-1.05107900
-1.79737100
-2.29186500
-2.59919200
-3.53910400
-1.93354400
-2.53050300
-2.53952700
-3.66314600
-0.49611400
-0.37696900
-1.22570000
-1.66971500

=
0.529699 (Hartree/Particle)
Energy =
0.572441
Enthalpy =
0.573385
Gibbs Free Energy =
0.453371
zero-point Energies =
-2365.252805
thermal Energies =
-2365.210063
thermal Enthalpies =
-2365.209119
thermal Free Energies = -2365.329133

Table A11. Crystallographic data for trans-Re2Cl2 (CCDC 1578651).
C40H22Cl2N4O6Re2, 2(C3H7NO)
[+solvent]
1288.88 g/mol
100(2)
0.71073
Triclinic / P-1

Moiety Formula
Formula Weight
T (K)
λ (Å)
Crystal System / Space Group
177

a (Å)
b (Å)
c (Å)
α ( o)
β ( o)
γ ( o)
V (Å3)
Z
ρcalc (g/cm3)
µ (mm-1)
F(000)
θ range for data collectn

15.797(5)
16.298(5)
20.698(5)
68.843(5)
74.058(5)
76.127(5)
4719(2)
4
1.814
5.301
2506
1.55 to 25.37o
-19 ≤ h ≤ 18, -19 ≤ k ≤ 19,
-24 ≤ l ≤ 24
41094
16724 [R(int) = 0.0188]
96.8%
0.333 and 0.504
16724 / 0 / 1161
1.036
R1 = 0.0237, wR2 = 0.0564
R1 = 0.0277, wR2 = 0.0579

Index ranges
Reflections collected
Independent reflections
Completeness to θ = 25.00o
Max. and min. transmission
data/restr/params
GOF on F2
Final R indices [I > 2σ(I)]
R indices (all data)

178

Figure A22. NMR Spectra
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Table B1. Photophysical properties of Re complexes in dichloromethane solution.
Complex

anthryl-Re

cis-Re2Cl2

trans-Re2Cl2
[(dphbpy)Re(CO)3Cl]a
Anthraceneb

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑛𝑛𝑛𝑛

(log ε)
252 (4.80)
296 (4.15
366 (3.98)
258 (4.85)
296 (4.42)
380 (4.12)
258 (4.70)
296 (4.27)
376 (3.95)
384
340
355
375

𝜆𝜆𝑒𝑒𝑒𝑒
𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑛𝑛𝑛𝑛

λ1
570

592
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Figure B1. Absorption and luminescence spectra of anthracene containing rhenium complexes
(cis-Re2Cl2 , trans-Re2Cl2 , and anthryl-Re ) in deoxygenated CH2Cl2 at room temperature.

188

Figure B2. Stern-Volmer quenching plots of tau(0)/tau versus the concentration of BIH in DMF
solution for (A) anthryl-Re (kq = 2.2 x 107 M-1 s-1 , average of quenching of both emission
lifetime components) and (B) trans-Re2Cl2 (kq = 5.1 x 107 M-1 s-1 ).

189

190

191

Figure B3. Example GC trace for a photoreaction with trans-Re2Cl2 at 0.1 mM concentration.
The FID trace (top) shows CO at 2.12 minutes retention time and only trace other products (CH4
RT = 3.88 min). The TCD trace shows only trace reactivity (H2 at 0.96 min and O2 /N2 at 1.72
min) and is a zoomed in y-axis range with the tallest peak at the top of the spectrum.

Figure B4. Example 1H NMR formate analysis with ferrocene as an internal standard at 4.18
ppm and formate as an analyte at 8.63 ppm. This example is for a photoreaction with transRe2Cl2 at 0.1 mM concentration. The ratio of the peaks is 20:1, which is 7 TON of formate for
this catalytic reaction.
Table B2. Photocatalytic reaction TON, TOF, and quantum yield values.
Complex
anthryl-Re
anthryl-Re

concentration (mM)
0.05
0.1

max. TON (CO)
34
38
192

max. TOF (h-1)
43
43

max. φ (%)
0.6
1.1

anthryl-Re
anthryl-Re
anthryl-Re
cis-Re2Cl2
cis-Re2Cl2
cis-Re2Cl2
cis-Re2Cl2
cis-Re2Cl2
trans-Re2Cl2
trans-Re2Cl2
trans-Re2Cl2
trans-Re2Cl2
trans-Re2Cl2
trans-Re2Cl2
Re(bpy)(CO)3Cl
Re(bpy)(CO)3Cl
Re(bpy)(CO)3Cl
Re(bpy)(CO)3Cl
Re(bpy)(CO)3Cl

0.2
0.5
1.0
0.05
0.1
0.2
0.5
1.0
0.000001
0.05
0.1
0.2
0.5
1.0
0.05
0.1
0.2
0.5
1.0

20
16
12
95
78
52
31
17
400000
105
63
28
27
16
16
21
43
24
19

30
18
12
128
105
71
37
20
2500
158
92
38
30
15
17
23
30
21
16

1.4
2.6
2.9
1.6
2.6
3.4
4.3
4.4
--1.6
2.2
1.9
4.0
4.4
0.2
0.6
2.0
3.1
4.6

Figure B5. Plots of absorbance at 370 nm as a function of concentration in DMF solution for A)
Re(bpy)(CO)3 Cl and B)anthryl-Re.
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Figure B6. Plot of quantum yield versus catalyst concentration. Conditions: DMF containing 5%
triethylamine, 10 mM BIH; irradiated with a solar simulator (AM 1.5 filter, 100 mW/cm2).
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APPENDIX C
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Table C1. Cartesian coordinates for each structure (angstroms).
1. Structure DATCE
N
C
C
C
C
C
H
H
H
H
H
H
N

x
-1.33864176
0.99088925
-1.16956186
1.06715286
-0.01169499
-0.03304746
1.49665296
1.47209334
-2.12382007
2.06011534
0.02480233
-0.01637538
-0.36841473

y
0.06926695
0.04023018
0.03552746
0.00649245
0.76534992
-0.75432605
0.91842294
-0.83325911
0.03793455
-0.01692376
1.45217907
-1.47721994
0.07142519

z
-1.14312768
-1.31120181
0.30082774
0.19109078
0.95553982
0.92246419
-1.71849322
-1.75658917
0.80657989
0.62685603
1.78253877
1.71879339
-1.87093878

x
-1.24321604
1.03742003
-1.25653994
1.54057300
0.86407501
-0.38955301
1.72502697
0.88891202
-2.17757297
2.43005109
1.24473500
-0.66945100
-0.23882701

y
0.12574799
-0.21093599
-0.75852501
0.32737800
0.04521700
-0.73746699
0.00448500
-1.29329300
-1.32030404
0.94322199
0.38176200
-1.29520500
0.43701500

z
-1.03812397
-1.30370796
0.06709400
0.00317100
1.15865898
1.13297999
-2.11670709
-1.24131298
0.13091099
0.02128800
2.11456299
2.01813602
-1.64848804

x
-1.16779101
0.68300301
-1.47904301
1.48783505

y
-0.64002001
0.75432998
-0.10512900
0.28317201

z
-1.08525395
-1.25431597
0.18798700
-0.07852600

2. Structure DAP1
N
C
C
C
C
C
H
H
H
H
H
H
N
3. Structure DAP2
N
C
C
C
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C
C
H
H
H
H
H
H
N

0.86488998
-0.60514897
0.06928100
1.32201004
-2.54451108
2.55957389
1.44391096
-1.02901101
-0.19210300

-0.00468100
0.07661000
1.61709297
1.03113604
-0.06943700
0.17099699
-0.28888100
0.24935301
-0.32655400

1.10520506
1.23283005
-0.97713298
-2.08814597
0.36536899
-0.17685100
1.97464800
2.21440911
-1.73923600

x
-1.30195343
1.05292690
-1.21845627
1.28874016
0.70504355
0.04811408
1.64533305
1.38154840
-2.17247462
2.23382282
1.14248049
0.11646657
-0.31415167

y
0.01342211
0.07258783
-0.64856392
-0.29430455
0.52046371
-0.79807019
0.94120276
-0.75137752
-0.90840471
-0.78592616
0.83859372
-1.64245570
0.37006265

z
-1.08620119
-1.29336417
0.12370900
0.15287189
1.27374268
0.92320359
-1.58244169
-1.93326998
0.55546230
0.35617012
2.20771027
1.59758270
-1.72467542

x
-1.23991597
1.11064184
-1.22954774
1.20902181
0.50301600
-0.00173660
-2.17851353
2.19879723
0.89500433
0.16966029
0.05061551
-1.89900517

y
0.00001755
0.12755996
-0.88036704
-0.22120188
0.57922471
-0.81041926
-1.15399027
-0.58687681
1.00905406
-1.61051345
0.21945223
-0.40604001

z
-1.08678555
-1.17369318
0.12311003
0.22741903
1.29399884
0.99546325
0.56738806
0.46176511
2.20304942
1.70529115
-1.75495827
-1.85402000

4. Structure NdisTS
N
C
C
C
C
C
H
H
H
H
H
H
N
5. Structure CdisTS
C
N
C
C
C
C
H
H
H
H
N
H
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H

-1.62471807

1.00128031

-0.85891795

6. Structure NconTS1
N
C
C
C
C
C
H
H
H
H
H
H
N

x
-1.29244304
1.04163992
-1.16634893
1.26299679
0.59815705
-0.12937532
1.65934813
1.31439888
-2.03141189
1.98126447
0.03639345
0.02891397
-0.33586344

y
0.07636036
0.14488558
-0.75647867
-0.10212760
0.67613679
-0.67258233
0.96744531
-0.73823875
-1.38707054
-0.85941786
1.52687764
-1.46834338
0.48483324

z
-1.01047087
-1.26618493
0.13728587
0.20811179
1.21299589
1.08854246
-1.62766850
-1.84796941
0.28535643
0.49409425
0.83496058
1.80330479
-1.64720857

7. Structure CconTS1
C
N
C
C
C
C
H
H
H
H
N
H
H

x
-1.23598480
1.11656094
-1.21964467
1.20177174
0.55813766
-0.10755118
-2.08826065
2.03538108
-0.02436638
0.09314413
0.04187234
-1.78527188
-1.76637816

y
0.02076247
0.21811867
-0.75743264
-0.11838255
0.68511385
-0.71358263
-1.36226428
-0.75830472
1.51902115
-1.49601495
0.33545503
-0.54973620
0.97401685

z
-1.07024336
-1.17233992
0.21374667
0.21241990
1.23024774
1.08197474
0.44462928
0.46382228
0.84208316
1.80005956
-1.72625780
-1.82126570
-0.99474645

x
-1.17254436
1.14911330
-1.20073497

y
-0.12935539
0.52507800
-0.78021890

z
-1.03004634
-1.32641387
0.27967709

8. Structure NconInt
N
C
C
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C
C
C
H
H
H
H
H
H
N

1.34310114
0.69569921
-0.48748320
1.33888507
1.69165754
-2.09250116
1.35121119
0.64599955
-0.81668174
-0.30165136

-0.15687630
0.37333986
-0.48004261
1.59884501
0.09332362
-1.39012527
-1.23951328
1.44558704
-0.79587555
0.40838382

-0.02968836
1.07144785
1.41496575
-1.31786120
-2.16674495
0.32793716
-0.09737577
1.23436141
2.39674282
-1.68327153

x
-1.06391704
1.17967534
-1.27702379
1.28607547
0.69972783
-0.49822330
-2.22556758
1.33984542
0.64357913
-0.80712503
0.04665386
-1.08687139
-1.95164299

y
-0.29168245
0.59556657
-0.75489688
-0.17518854
0.31735843
-0.51729470
-1.27307343
-1.24352431
1.39016211
-0.80358273
0.53191787
-1.17469788
0.27860880

z
-1.09964263
-1.25672734
0.35226682
-0.05344008
1.08559728
1.45452821
0.47208774
-0.22866115
1.23451269
2.45123553
-1.69741893
-1.74655640
-1.37835872

x
-1.22473168
0.94505334
-1.31874728
1.41338336
0.73123562
-0.57058573
0.81215769
1.63488150
-2.27999783
1.65092111
1.17330158

y
-0.45778599
0.56573945
-0.57033855
0.01856516
0.49870428
-0.01180191
1.65091348
0.34631550
-1.00280988
-1.04281521
1.21783650

z
-1.13910139
-1.36906683
0.28926978
-0.06715097
1.17475450
1.35865033
-1.34124863
-2.18331766
0.53255856
-0.07590441
1.85320687

9. Structure CconInt
C
N
C
C
C
C
H
H
H
H
N
H
H
10. Structure NconTS2
N
C
C
C
C
C
H
H
H
H
H
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H
N

-1.07045138
-0.35554022

0.05085879
0.02986831

2.31917119
-1.83606148

x
-0.98741549
0.94523656
-1.30527937
1.41925013
0.86732721
-0.47469309
-2.30822897
1.53624642
1.40002048
-0.90457594
-0.17153913
-0.52493757
-1.92843127

y
-0.43501547
0.90839851
-0.63195413
-0.05428514
0.10182675
-0.34508145
-0.98507929
-1.06233335
0.63613701
-0.39136788
0.74174345
-1.32949257
-0.29718637

z
-1.14645267
-1.08737504
0.32575455
-0.13735721
1.24706852
1.42275000
0.53027695
-0.52521968
2.02032113
2.41618919
-1.53880131
-1.57737041
-1.67398417

x
-1.42293572
0.97666281
-1.21422291
1.03657210
0.00653699
-0.11138921
1.23057044
1.70794582
-2.14152622
2.02121615
0.11214472
-0.11495087
-0.33029807
-1.65234458
-0.40628135

y
0.19845748
0.11770615
0.12395849
-0.02077130
0.74467486
-0.77785206
1.14303195
-0.53806341
0.14866386
-0.12557875
1.31699753
-1.53014958
-0.22865683
1.13811672
-1.22710514

z
-1.14382577
-1.38115907
0.27996346
0.13112727
0.95053643
0.80267608
-1.66671002
-1.85897791
0.84120041
0.57551348
1.85691321
1.57237792
-1.92299938
-1.41621232
-1.98618388

x

y

z

11. Structure CconTS2
C
N
C
C
C
C
H
H
H
H
N
H
H
12. Structure DATCA
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
13. Structure DHDAP1
200

N
C
C
C
C
C
H
H
H
H
H
H
N
H
H

-1.39481902
0.97603899
-1.74704099
1.39266598
0.60675901
-0.86680102
0.91113198
1.75735795
-2.81018090
2.44280696
1.09289396
-1.28807199
-0.26623699
-2.15979195
-0.21916100

0.23868400
0.30155301
-0.15927500
0.20351399
-0.13192300
-0.37098899
1.34645605
-0.15404899
-0.26625401
0.39425400
-0.19347601
-0.67126000
-0.35127199
0.18431900
-1.32326603

-1.13966894
-1.36241305
0.15561500
0.08435500
1.15226996
1.17894304
-1.66934705
-1.97798204
0.33284000
0.28221199
2.11922097
2.12922502
-1.72259498
-1.78064704
-1.45930195

x
-1.36570203
0.93440503
-1.52962899
1.58951902
0.88892901
-0.59541303
0.50688398
1.68743205
-2.57504106
2.67274308
1.44114602
-0.99180698
-0.12575100
-1.98272002
0.17379400

y
-0.32421601
0.44240099
-0.09297200
0.21596000
-0.02088400
-0.03583700
1.44633996
0.38124600
-0.01370400
0.22763000
-0.16861600
0.03722700
-0.50236100
0.20465900
-1.44221604

z
-1.11690795
-1.36343503
0.24612100
-0.02402100
1.12418401
1.24591005
-1.42015803
-2.15160894
0.51987100
0.01977000
2.04503012
2.25064707
-1.71296000
-1.69944596
-1.52972806

x
-1.42339540
0.93296069
-1.40808904

y
-0.14606592
0.25221679
-0.32721406

z
-1.16566598
-1.26147401
0.22840041

14. Structure DHDAP2
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
15. Structure NdisTS′
N
C
C

201

C
C
C
H
H
H
H
H
H
N
H
H

1.19161737
0.84130841
-0.12877002
0.80472010
1.79706573
-2.35516500
2.00624251
1.39543521
-0.11925846
-0.23407100
-1.86182213
-0.10957908

-0.16610871
0.81545776
-0.34134027
1.33444512
0.00164181
-0.18690881
-0.86340731
0.92786473
-1.06822538
-0.35943642
0.70168203
-1.35344136

0.18556029
1.26951730
1.01129293
-1.32227707
-1.87867403
0.72857887
0.35096633
2.19372249
1.81810999
-1.87034750
-1.47589076
-1.95132947

x
-1.35345852
1.04206014
-1.22168159
1.28673506
0.06758421
0.60426700
1.15246558
1.77541852
-2.15312290
2.25471497
0.21058591
0.94744480
-0.27236584
-1.77515674
-0.32491049

y
0.20459662
0.13321534
0.42395344
-0.14588186
0.05781965
-1.32363117
1.20371866
-0.38642454
0.39689919
0.14308731
0.51497751
-2.10143733
-0.28958043
0.97728574
-1.29297805

z
-1.05027461
-1.34365678
0.33541670
0.12525053
1.05366910
0.78441113
-1.53755569
-1.96429086
0.89210719
0.52221948
2.02611446
1.44823039
-1.79056585
-1.53008449
-1.74940085

x
-1.39562595
0.99973285
-1.28806067
1.29041827
0.11506672
-0.77405405

y
0.13293861
0.19917566
0.19103202
0.19030157
0.24624294
-0.98817056

z
-1.09109366
-1.39172935
0.34260291
0.08237755
1.03696835
1.11280930

16. Structure NdisTS″
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
17. Structure CdisTS′
N
C
C
C
C
C

202

H
H
H
H
H
H
N
H
H

1.01604879
1.77840137
-2.09643722
2.25147820
0.23269734
-1.18028319
-0.27926472
-1.58354163
-0.27862626

1.23224723
-0.33207700
0.75877380
0.55132854
0.84052205
-1.48607981
-0.37997854
1.04699314
-1.37567961

-1.76587749
-1.94385386
0.78947771
0.42733517
1.93693876
1.98114049
-1.77376115
-1.46162188
-1.64485288

x
-1.33637977
1.01107061
-1.25072801
1.25051641
-0.46861416
0.12283386
1.23931909
1.67403328
-2.13566422
2.26258874
-0.74728137
0.10247264
-0.35648748
-1.39411724
-0.55888206

y
0.31465718
-0.03348709
0.00064490
-0.57820606
0.89247489
-0.45685077
1.03968787
-0.51324832
-0.48302138
-0.67250121
1.25632071
-1.20793450
-0.20929363
1.30264926
-1.18373179

z
-1.09704268
-1.49189413
0.30805078
-0.11412560
1.24482906
0.88532895
-1.52898061
-2.21523738
0.70886517
0.26165459
2.22391558
1.66828823
-1.95280385
-1.25304103
-2.08697677

x
-1.43094933
0.98796737
-1.39533913
1.13849020
0.54325736
-0.24462490
1.13207793
1.75230050
-2.31300664

y
0.00844477
0.19592127
-0.48966303
-0.02605952
0.89400637
-0.43452144
1.26165700
-0.34002155
-0.94758868

z
-1.05635679
-1.31666112
0.27399421
0.17835093
1.12329757
1.10718977
-1.51517606
-1.88157892
0.62348062

18. Structure CdisTS″
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
19. Structure NconTS1′
N
C
C
C
C
C
H
H
H

203

H
H
H
N
H
H

1.86804652
0.04017371
-0.11543095
-0.30366421
-1.77593493
-0.29553342

-0.73859274
1.75133789
-1.15248680
-0.20636971
0.94211507
-1.18461883

0.54489440
0.67512351
1.90509605
-1.86336851
-1.17049420
-2.08670139

x
-1.33736515
1.03748357
-1.17192423
1.19287157
0.08648123
0.36466718
1.27329171
1.73719871
-2.10495520
2.18828321
0.26318210
-0.31991121
-0.29615569
-1.60875452
-0.42383334

y
0.32192284
0.12912646
0.27935398
-0.22303137
0.24252611
-1.24542284
1.18689895
-0.44634843
0.35779929
-0.10601499
0.73956609
-2.01209474
-0.13984543
1.24218035
-1.13234615

z
-1.07347786
-1.38524425
0.33617321
0.07880460
1.06512630
0.81046021
-1.54016256
-1.99471390
0.88236797
0.49635628
2.01055074
0.47015148
-1.88805306
-1.37538707
-1.97748208

x
-1.37007999
1.01358879
-1.17764771
1.24384856
-0.16166560
0.62831956
1.16087043
1.72647870
-1.94308221
1.96049356
-0.03499719
0.05090978

y
0.21642189
0.09395494
0.48460183
-0.23482305
-0.02143468
-1.34321129
1.16113365
-0.44072470
1.12372172
0.37644607
0.42012647
-1.97989404

z
-1.03387082
-1.36566508
0.31954116
0.09737201
1.13447988
0.76988173
-1.54630864
-1.99733388
0.74224061
0.63625616
2.11345911
0.09782664

20. Structure NconTS1a″
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
21. Structure NconTS1b″
N
C
C
C
C
C
H
H
H
H
H
H
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N
H
H

-0.32054877
-1.82399678
-0.39848125

-0.28873754
0.97171456
-1.28864574

-1.81068313
-1.50863016
-1.80960560

x
-1.39204526
1.00119078
-1.23541296
1.20927906
0.12075529
-0.47619471
1.14950013
1.77378404
-2.08996129
2.22906733
0.16861869
0.02724839
-0.28030020
-1.62760043
-0.29082894

y
0.12252544
0.18888251
0.07381579
0.34241784
0.46527982
-0.97196239
1.18056560
-0.44973451
0.46395597
0.50248492
1.06601584
-1.82898188
-0.32539827
1.04729223
-1.32732880

z
-1.07907808
-1.36349821
0.34205797
0.12560329
1.06624746
1.05428267
-1.81362844
-1.79583240
0.88231999
0.46082073
1.96488047
0.61913151
-1.80860305
-1.39249980
-1.78085411

x
-1.37918520
1.00732672
-1.21840417
1.19852984
-0.36758199
0.20355304
1.27565694
1.67146790
-1.98380148
2.07487488
0.16595033
0.09975848
-0.34726137
-1.46424091
-0.53978330

y
0.33643577
-0.02059591
0.20094195
-0.57649338
1.05796087
-0.38456950
1.03581023
-0.55035418
-0.37611693
-1.17643464
1.83800828
-1.07083881
-0.19532865
1.30922759
-1.17438269

z
-1.15644407
-1.45013666
0.26702461
-0.05059063
1.07098007
0.94631630
-1.52903795
-2.13445640
0.77261817
0.16400950
0.53014487
1.77547991
-1.96000302
-1.39181232
-2.07429242

22. Structure CconTS1′
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
23. Structure CconTS1″
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24. Structure NconInt′
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H

x
-1.28932583
1.05325341
-1.46003604
1.30981970
0.55006790
-0.60538483
0.90941447
1.79818821
-2.40994430
1.46781588
0.32035694
-0.82317519
-0.20619182
-2.12495565
-0.03512795

y
0.04634845
0.43676457
-0.52121627
-0.01541957
0.56903785
-0.29326814
1.51290190
0.12317528
-1.02145517
-1.08894932
1.62774205
-0.63420898
-0.24174021
-0.04916412
-1.23532736

z
-0.94741422
-1.45664108
0.36293334
-0.04763298
0.94047529
1.41034186
-1.53617311
-2.18886948
0.52036697
0.03664571
0.85257143
2.41286302
-1.81216311
-1.48585749
-1.82547951

x
-1.37069941
1.00963295
-1.18363142
1.21398103
-0.09080713
0.59785086
1.15093708
1.73718333
-1.99088168
2.04001880
0.03969629
-0.01792898
-0.31133908
-1.88871181
-0.37918606

y
0.21131562
0.11624040
0.48190045
-0.23436050
0.06123838
-1.38143158
1.18764114
-0.40411642
1.04974210
0.25811371
0.49962756
-1.97598946
-0.26844308
0.91863626
-1.26993549

z
-1.03988624
-1.33453441
0.30083588
0.12861913
1.07631958
0.78924429
-1.49759293
-1.96020043
0.74667197
0.63253444
2.05413985
0.10731504
-1.81672335
-1.52220869
-1.82709599

25. Structure NconInta″
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H
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26. Structure NconIntb″
N
C
C
C
C
C
H
H
H
H
H
H
N
H
H

x
-1.04582500
1.12143099
-1.31762600
1.33090401
-0.53163302
0.71292698
1.54193902
1.50284600
-2.25413203
1.25982904
-0.89276499
0.71693301
-0.35087201
-1.85938799
-0.65715700

y
0.59907800
-0.27352500
0.33106801
-0.05010000
-0.34339300
-0.93837798
0.52914703
-1.22447503
0.76937902
0.99320900
-0.50508499
-2.00454593
-0.30252901
0.91630900
-1.23778498

z
-0.92982298
-1.59853399
0.43827900
-0.12573899
1.34496295
0.73650700
-2.20309305
-1.97357702
0.76498801
0.16193600
2.35211492
0.51811498
-1.77176297
-1.41344297
-1.55890298

x
-1.54577303
0.83828998
-1.38421094
1.32028306
0.65373802
-0.70212299
0.60008001
1.70390201
-1.32234395
2.33072495
1.13432896
-0.78386301
-0.23806199
-2.05685401
0.01652400

y
-0.25488600
0.45557699
0.24584199
0.45265099
0.00839900
-0.56299299
1.48591697
0.18555000
1.32455599
0.83782601
-0.02192400
-1.63970304
-0.41413799
0.36631000
-1.37323594

z
-1.20525801
-1.26606703
0.10359800
0.20247300
1.31776595
0.98760098
-1.54562104
-1.87536299
0.22982199
0.31872499
2.28807902
0.87174499
-1.76581800
-1.80326200
-1.61801803

x
-1.50680757

y
0.56806660

z
-1.30433857

27. Structure CconInt′
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28. Structure CconInt″
N
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C
C
C
C
C
H
H
H
H
H
H
N
H
H

0.90254611
-1.33901668
1.22509563
-0.45107952
0.66651374
1.28556395
1.51083350
-1.55124116
2.08378029
-0.18387491
1.04705095
-0.43426350
-1.36226058
-0.75494838

-0.13684431
0.18480022
-0.68525136
0.76213592
-0.21551019
0.88743246
-0.69635767
-0.86979580
-1.34905469
1.81044579
-0.47549337
-0.10652254
1.55375171
-1.03908885

-1.34248567
0.05263753
0.07712884
0.92525667
1.24015796
-1.37062228
-2.05396152
0.18505041
0.12883927
0.81894964
2.22000599
-1.97062349
-1.43762600
-2.15765285

x
-1.29345250
0.98298764
-1.43154299
1.48590040
0.72291613
-0.57767862
0.63843900
1.75030959
-2.42516923
1.81810308
1.10098279
-0.99238783
-0.13304961
-2.07761145
0.16546376

y
-0.14148657
0.52225679
-0.46441698
0.08770845
0.46808505
-0.12477954
1.55562139
0.40812740
-0.81648183
-0.95227081
1.20245564
-0.19823252
-0.33549953
-0.44912961
-1.29778743

z
-1.06223071
-1.43695927
0.30293703
-0.08607526
1.14760506
1.35393023
-1.4422717
-2.2049365
0.55104113
-0.08509157
1.84719050
2.35249138
-1.82581079
-1.59773958
-1.75358987

x
-0.95442176
1.09275067
-1.29964244
1.53150833

y
0.70564193
-0.32066563
0.34616992
-0.12862645

z
-0.90830022
-1.59886014
0.40946886
-0.17070051

29. Structure NconTS2′
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30. Structure NconTS2″
N
C
C
C
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C
C
H
H
H
H
H
H
N
H
H

-0.51763374
0.80180967
1.52177787
1.41152573
-2.24236107
1.77199173
-0.98024762
1.25232351
-0.36664572
-1.72617841
-0.73830664

-0.47516546
-0.90327680
0.45718437
-1.28543031
0.73953104
0.89397639
-0.82737643
-1.75105810
-0.28272822
1.10976660
-1.18157279

1.24236357
0.89841759
-2.23145628
-2.00184107
0.76580024
0.10826312
2.15669823
1.39811301
-1.71884358
-1.39820719
-1.45777547

x
-1.48091173
0.79944986
-1.60111916
1.31259978
0.61332721
-0.76902974
0.38076660
1.66327238
-1.80307865
2.34386492
1.16880322
-1.21259475
-0.16046345
-2.01503134
0.16917495

y
-0.32316923
0.56121582
0.18489447
0.44162902
-0.14667325
-0.47871113
1.55287719
0.47200024
1.24826133
0.73415506
-0.40741485
-1.19246519
-0.43579715
0.20841511
-1.35795736

z
-1.22846985
-1.26692426
0.07896924
0.16073807
1.23267162
1.14310205
-1.45944369
-1.92983472
0.20540553
0.32333699
2.12682962
1.82513130
-1.72102416
-1.88836086
-1.50161695

x
-1.37026465
0.87258899
-1.54870033
1.16283774
-0.60129660
0.62601334
1.41744506

y
0.73302871
-0.26980808
0.32182592
-0.62507212
0.69691128
-0.01556111
0.66357487

z
-1.28783345
-1.42273438
0.05344129
0.03527457
1.16412342
1.19647968
-1.60980988

31. Structure CconTS2′
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32. Structure CconTS2″
N
C
C
C
C
C
H

209

H
H
H
H
H
N
H
H

1.35420501
-1.88953984
2.09415388
-0.87284940
1.21124625
-0.46208549
-1.05760002
-0.91536391

-1.01914442
-0.70950902
-1.16732562
1.39373589
-0.05525590
-0.09558035
1.68298090
-0.98043090

-2.05298281
0.10131884
0.16407259
1.94623566
2.10910273
-1.98351347
-1.36993039
-2.11986423

x
-1.24102449
0.98353422
-1.14219677
1.06271446
-0.01450774
-0.01210226
1.68854368
-2.11477113
2.07657313
0.00053438
0.00012857
-0.22080594

y
0.06335469
0.21775147
0.04522111
0.05945647
0.76942956
-0.75345653
-0.22541514
0.01972986
0.05117608
1.46258247
-1.53649640
0.09270635

z
-1.16420841
-1.21458483
0.28056934
0.20733991
0.99471682
0.91220111
-1.76783109
0.74835366
0.58292556
1.81677806
1.64929664
-1.82924676

x
-1.25923800
0.93691301
-1.35856998
1.45615697
0.78232801
-0.52416301
1.59358597
-2.30729604
2.40791202
1.21059501
-0.83647400
-0.23817199

y
-0.01367800
-0.49631900
-0.51352400
0.30840701
0.44971099
-0.21822999
-0.54096001
-1.00040996
0.79541701
1.04139698
-0.48687300
0.03142600

z
-1.06760204
-1.11592805
0.25779101
-0.06771700
1.10806799
1.29869795
-1.87049699
0.43006501
-0.23728800
1.90509200
2.29989004
-1.70864499

33. Structure TATCE
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34. Structure TAP1
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35. Structure TAP2
N
N
C
C
C
C
H
H
H
H
H
N

x
-1.25038016
0.98191047
-1.23415029
1.43981278
-0.40244716
0.79877442
1.61059022
-2.10653996
2.31400514
-0.63691020
1.17717683
-0.26755595

y
0.06708711
0.30544290
0.39496627
-0.69842780
-0.13646780
-0.92553216
0.38616386
0.96405649
-1.26715899
0.02892942
-1.67305398
-0.00521927

z
-1.03472793
-1.13496149
0.34649506
-0.24118215
1.29148936
0.93960589
-1.91021681
0.63256407
-0.53131658
2.33540797
1.62283337
-1.73074698

x
-1.33099222
0.86660159
-1.35058701
1.15805352
0.83608705
-0.11088291
1.62620080
-2.33074379
1.98558068
1.40113795
-0.13698517
-0.28204060

y
-0.33006421
0.12573440
-0.19655491
-0.20634329
0.80457932
-0.36102125
0.04583286
-0.20847273
-0.89060324
1.02322769
-1.13811433
-0.21620022

z
-1.14672804
-1.16036201
0.22691783
0.20225337
1.27590036
1.06437349
-1.80154109
0.67531455
0.34683317
2.17011189
1.81993032
-1.78218412

x
-1.30169976
0.94327176
-1.21334004
1.23439634
0.04350619
0.64197320
1.56055403
-2.15111351

y
0.19081797
0.05109686
0.30604666
-0.20356037
-0.00710853
-1.38673258
-0.38587660
0.45885873

z
-1.04405200
-1.23695779
0.32166755
0.14254661
1.08998549
0.87150085
-1.89167881
0.83115613

36. Structure N1disTS2
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37. Structure N1disTS1
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H
H
H
N

2.20896363
0.18502170
1.08914125
-0.30465758

0.16127288
0.49485105
-2.05898929
0.03788886

0.43982437
2.03912592
1.58883250
-1.75479543

x
-1.26098287
0.96018976
-1.22259617
1.29074740
0.13311155
-0.78314894
1.67388237
-2.04474854
2.26751041
0.24753155
-1.26557875
-0.25107780

y
-0.11335032
0.19475992
0.11114339
0.03986797
0.19243215
-1.00025153
0.02211608
0.73682499
0.41516444
0.89269352
-1.35765290
-0.07207775

z
-1.09756756
-1.23826563
0.32740036
0.11038735
1.06727517
1.24457669
-1.91340268
0.64738613
0.37965891
1.88646662
2.14206529
-1.77588069

x
-1.33402169
0.89154190
-1.22622192
1.18516088
-0.40124962
0.10227987
1.54356277
-2.15559125
2.22735739
-0.66284949
0.08753270
-0.35202155

y
0.07713960
-0.10330334
-0.08966351
-0.70151305
0.85500580
-0.54994255
-0.24694774
-0.44409946
-0.62521011
1.39568162
-1.26916194
0.05420474

z
-1.10628259
-1.31662345
0.32074741
-0.08374879
1.16130280
0.95930445
-2.05811739
0.74359560
0.20406279
2.05771351
1.76845801
-1.82448196

38. Structure N3disTS2
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39. Structure N3disTS1
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Table C2. Imaginary frequencies for transition state.
3,4-diazatricyclo[4.1.0.02,7]hept-3-ene (DATCE)
Transition State

Imaginary Frequencies
212

NdisTS
CdisTS
NconTS1
CconTS1
NconTS2
CconTS2

403.3i
441.3i
326.8i
235.6i
708.1i
774.7i

3,4-diazatricyclo[4.1.0.02,7]heptane (DATCA)
Transition State
Imaginary Frequencies
NdisTS′
439.8i
NdisTS″
329.4i
CdisTS′
462.0i
CdisTS″
364.3i
NconTS1′
422.7i
NconTS1a″
330.1i 488.5i
NconTS1b″
305.2i 460.6i
CconTS1′
200.0i
CconTS1″
313.2i
NconTS2′
909.8i
NconTS2″
872.4i
CconTS2′
769.4i
CconTS2″
648.8i
Bold values are obtained at CCSD/ cc-pVDZ//CCSD/cc-pVDZ level.
3,4,5-triazatricyclo[4.1.0.02,7] hept-3-ene (TATCE)
Transition State
N1disTS1
N1disTS2
N3disTS2
N3disTS1
N3disTS2

Imaginary Frequencies
433.4i
358.4i
433.1i
367.5i
433.1i

Table C3. Calculated energies (Hartree) for each structure.
3,4-diazatricyclo[4.1.0.02,7]hept-3-ene (DATCE)
Structure
MCSCF
ZPE
DATCE
-301.7236903001
0.109598
DAP1
-301.7852845205
0.109653
DAP2
-301.7852845205
0.109653

MRMP2
-302.5916366963
-302.6411678211
-302.6411678211
213

PBEPBE-D3
-303.154923914
-303.200469402
-303.200469402

NdisTS
CdisTS
NconTS1
CconTS1
NconTS2
CconTS2
NconInt
CconInt

-301.6377758015
-301.6297400607
-301.6548840380
-301.6541621627
-301.6716130840
-301.6753745419
-301.7029804905
-301.7068060498

0.104762
0.104782
0.105993
0.105710
0.104074
0.104256
0.107762
0.107480

-302.5165611764
-302.4971132792
-302.5306600574
-302.5275531027
-302.5408009928
-302.5406569291
-302.5669236398
-302.5684475418

-303.084220255
-303.070595746
-303.096217765
-303.092147066
-303.102330698
-303.071244272
-303.129153587
-303.120216093

3,4-diazatricyclo[4.1.0.02,7]heptane(DATCA)
Structure
DATCA
DHDAP1
DHDAP2
NdisTS′
NdisTS″
CdisTS′
CdisTS″
NconTS1′
NconTS1a″
NconTS1b″
CconTS1′
CconTS1″
NconTS2′
NconTS2″
CconTS2′
CconTS2″
NconInt′
NconInta″
NconIntb″
CconInt′
CconInt″

MCSCF
-302.9014682620
-302.9699715730
-302.9670840146
-302.8103316983
-302.8142990640
-302.8084016120
-302.8088782722
-302.8258076723
-302.8318041029
-302.8387148631
-302.8342550094
-302.8266871968
-302.8579700341
-302.8679603487
-302.8647380936
-302.8535195921
-302.8946024660
-302.8392140314
-302.8979780559
-302.8978176085
-302.8890279445

ZPE
0.136254
0.136015
0.135608
0.130948
0.131305
0.131051
0.131338
0.131611
0.132247
0.133087
0.132362
0.132188
0.130918
0.131180
0.130944
0.130730
0.134561
0.133210
0.134985
0.134888
0.134556

MRMP2
-303.7919340517
-303.8422778172
-303.8400754340
-303.7036413285
-303.7083851669
-303.6966586044
-303.6960771353
-303.7186204701
-303.7277955740
-303.7336127380
-303.7286637027
-303.7191381912
-303.7471642280
-303.7567059467
-303.7527406669
-303.7403459915
-303.7760106639
-303.7365206912
-303.7803967063
-303.779060056
-303.7700277060

PBEPBE-D3
-304.358283994
-304.405386697
-304.405322061
-304.264818910
-304.271767750
-304.238467370
-304.244315176
-304.283595573
-304.293443717
-304.307086151
-304.292573920
-304.280327288
-304.294975744
-304.299523558
-304.295483333
-304.283278600
-304.334280565
-304.310168129
-304.339154227
-304.335552596
-304.326755513

CCSD(T)
-304.2159678
-304.2646917
-304.264046

-304.1477485
-304.1565024

-304.1625306

Bold values are obtained at CCSD(T)/aug- cc-pVTZ//CCSD/cc-pVDZ level.
3,4,5-triazatricyclo[4.1.0.02,7] hept-3-ene (TATCE)
Structure
TATCE
TAP1
TAP2
N1disTS1
N1disTS2
N3disTS1

MCSCF
-317.7018181259
-317.7612944617
-317.7612944617
-317.6174718748
-317.6157311962
-317.6175024882

ZPE
0.097622
0.097650
0.097650
0.092727
0.092735
0.093715

MRMP2
-318.5983668777
-318.6421572698
-318.6421572698
-318.5263960453
-318.5229665412
-318.5191920020
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PBEPBE-D3
-319.184536393
-319.220672449
-319.220672449
-319.115340267
-319.112267448
-319.112849315

N3disTS2

-317.6147485780

0.093452

-318.5162733931

-319.109702140

Table C4. Natural orbital occupation numbers for active space orbitals.
3,4-diazatricyclo[4.1.0.02,7]hept-3-ene (DATCE)
MOs
NdisTS
CdisTS
NconTS1
CconTS1
NconTS2
CconTS2
NconInt
CconInt
DATCE
DAP1
DAP2

11
1.984
1.984
1.983
1.983
1.984
1.984
1.984
1.984
1.984
1.984
1.984

22
1.979
1.979
1.980
1.980
1.979
1.979
1.980
1.981
1.976
1.981
1.981

23
1.969
1.969
1.969
1.969
1.977
1.977
1.975
1.975
1.972
1.977
1.977

24
1.968
1.969
1.951
1.957
1.911
1.911
1.923
1.924
1.967
1.936
1.936

25
1.122
1.089
1.815
1.801
1.259
1.184
1.880
1.879
1.961
1.914
1.914

26
0.879
0.912
0.195
0.207
0.741
0.817
0.123
0.124
0.049
0.090
0.090

27
0.037
0.037
0.042
0.038
0.089
0.089
0.075
0.074
0.029
0.059
0.059

28
0.022
0.022
0.027
0.026
0.022
0.023
0.021
0.021
0.022
0.022
0.022

29
0.021
0.021
0.020
0.020
0.021
0.021
0.020
0.020
0.021
0.020
0.020

30
0.018
0.018
0.017
0.017
0.017
0.017
0.018
0.018
0.020
0.016
0.016

3,4-diazatricyclo[4.1.0.02,7]heptane(DATCA)
MOs
NdisTS’
NdisTS”
CdisTS’
CdisTS”
NconTS1’
NconTS1a”
NconTS1”
CconTS1’
CconTS1”
NconTS2’
NconTS2”
CconTS2’
CconTS2”
NconInt’
NconInta”
NconIntb”
CconInt’
CconInt”
DATCA
DHDAP1
DHDAP2

22
1.983
1.984
1.984
1.983
1.983
1.984
1.983
1.984
1.983
1.983
1.983
1.983
1.983
1.984
1.983
1.984
1.984
1.984
1.984
1.984
1.984

23
1.979
1.979
1.979
1.979
1.980
1.978
1.981
1.979
1.980
1.978
1.979
1.979
1.979
1.981
1.981
1.980
1.981
1.981
1.976
1.981
1.981

24
1.968
1.969
1.968
1.968
1.970
1.969
1.970
1.969
1.969
1.976
1.976
1.976
1.976
1.975
1.971
1.975
1.975
1.974
1.972
1.977
1.978

25
1.967
1.969
1.967
1.968
1.954
1.967
1.952
1.965
1.956
1.915
1.915
1.910
1.906
1.923
1.961
1.930
1.924
1.920
1.966
1.939
1.940

26
1.170
1.231
1.059
1.004
1.774
1.786
1.886
1.766
1.760
1.241
1.164
1.171
1.215
1.878
1.874
1.867
1.877
1.889
1.960
1.908
1.911
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27
0.833
0.770
0.943
0.997
0.234
0.216
0.122
0.237
0.247
0.759
0.835
0.829
0.785
0.124
0.130
0.135
0.126
0.114
0.050
0.094
0.091

28
0.038
0.037
0.037
0.038
0.041
0.037
0.039
0.036
0.040
0.086
0.085
0.090
0.094
0.076
0.036
0.069
0.074
0.079
0.028
0.058
0.058

29
0.024
0.023
0.024
0.023
0.027
0.022
0.029
0.024
0.027
0.024
0.023
0.023
0.022
0.021
0.026
0.022
0.021
0.022
0.023
0.023
0.023

30
0.021
0.021
0.021
0.021
0.020
0.021
0.021
0.020
0.020
0.021
0.021
0.021
0.021
0.020
0.020
0.020
0.020
0.020
0.021
0.020
0.020

31
0.018
0.019
0.018
0.018
0.017
0.019
0.017
0.019
0.018
0.017
0.017
0.017
0.017
0.018
0.018
0.018
0.018
0.018
0.021
0.015
0.015

Figure C1. Intrinsic reaction coordinates for the four disrotatory channels for DATCA
isomerization.
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APPENDIX D
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Table D1. Cartesian coordinates for each structure (angstroms).
1. Structure benzvalene
C
C
C
C
C
C
H
H
H
H
H
H

x
-0.09361444
-0.15200381
0.95184845
-1.21816230
-0.81929094
0.51743531
-0.05338311
-0.17388284
1.97589266
-2.23413920
-1.49503589
1.17252612

y
0.47055408
-0.93900025
-0.41491333
-0.32307038
-0.57226294
-0.62880653
1.34433365
-1.57227170
-0.40561116
-0.22717814
-0.67865151
-0.79153156

z
-0.10371051
-0.33385876
0.61543894
0.60327506
2.02780032
2.03529787
-0.71904308
-1.19538975
0.29796284
0.27443075
2.85061836
2.86556792

x
-0.85505617
0.43540058
1.09553993
-1.48410404
-0.81795794
0.46022141
-1.36642194
0.92312366
2.08624983
-2.47475815
-1.30065346
0.96666014

y
0.05631929
-0.47491845
-0.89561617
0.16636011
-0.25544071
-0.78167289
0.38006210
-0.56240672
-1.30372095
0.57401460
-0.17032450
-1.10388637

z
-0.53752303
-0.62239611
0.54381967
0.71348870
1.86849093
1.78441966
-1.42382693
-1.57440042
0.48048058
0.78048342
2.82354045
2.67439914

x
-0.49969479
-0.09237672
1.03684449
-1.29300070
-0.82796496
0.56331784
-1.01842010
-0.21508378

y
0.58574504
-0.74989456
-0.75878704
-0.15087587
-0.42341381
-0.64315730
0.96551085
-1.55600154

z
-0.58668292
-0.45842883
0.58275461
0.53330708
1.85065973
1.85904157
-1.44943500
-1.16254115

2. Structure benzene
C
C
C
C
C
C
H
H
H
H
H
H
3. Structure disTS
C
C
C
C
C
C
H
H
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H
H
H
H
4. Structure disTSback
C
C
C
C
C
C
H
H
H
H
H
H
5. Structure conTS1a
C
C
C
C
C
C
H
H
H
H
H
H
6. Structure conTS1b
C
C
C
C
C
C
H

2.06526399
-2.33259010
-1.47755671
1.17592144

-0.74706024
-0.25569454
-0.48780558
-0.63192546

0.28235289
0.28742656
2.69919682
2.73840833

x
-0.83365291
-0.13934161
0.98791903
-1.40357661
-0.85863698
0.50904024
-1.33881521
-0.17327148
2.00000572
-2.36579657
-1.45088768
1.12194383

y
0.76601261
-0.52607137
-0.80366969
-0.34796393
-0.49698934
-0.74149728
1.27744353
-1.07300365
-0.98970556
-0.75747287
-0.37111005
-0.83879250

z
-0.28751311
-0.38490373
0.59954035
0.54592538
1.92777777
1.89933956
-1.08230245
-1.30959940
0.30545846
0.29911140
2.81052780
2.77356815

x
-0.48189056
-0.13888088
0.99560082
-1.26933527
-0.79340148
0.53385794
0.08552479
-0.23843694
2.02433872
-2.29417372
-1.40814221
1.18380952

y
0.55429846
-0.86964154
-0.82889163
-0.29995376
-0.38347018
-0.63527673
1.45014083
-1.56830096
-0.88419771
-0.48871240
-0.21891335
-0.65634114

z
-0.49755874
-0.44251925
0.51910233
0.47757158
1.89495397
1.88017821
-0.34385839
-1.25148058
0.22420867
0.21709068
2.75520730
2.73140359

x
-0.50297093
0.11780674
1.17886078
-1.38284039
-0.79290003
0.64550996
0.04066788

y
0.57183838
-0.68796760
-0.91360807
-0.21255155
-0.26335379
-0.57442611
1.41775155

z
-0.51857948
-0.50674665
0.57008582
0.45741639
1.72978771
1.76313233
-0.13330726
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H
H
H
H
H
7. Structure conTS2
C
C
C
C
C
C
H
H
H
H
H
H
8. Structure conInta
C
C
C
C
C
C
H
H
H
H
H
H
9. Structure conIntb
C
C
C
C
C
C

-0.24384066
2.14899445
-2.38862038
-1.37164462
1.17979980

-1.49950397
-1.33708191
-0.51306462
-0.27439317
-0.62746698

-1.10985982
0.41018009
0.23680490
2.63406634
2.69191432

x
-0.60312861
0.40970480
1.27138186
-1.51094031
-0.86735332
0.58521593
-0.28780583
0.10424759
2.30138612
-2.54118514
-1.39321041
1.07564771

y
0.33196312
-0.69692659
-0.78242040
0.08356415
-0.36093181
-0.64758307
1.35953712
-1.65644002
-1.08459997
0.38453919
-0.47924933
-0.78701591

z
-0.60104370
-0.72337109
0.51838052
0.58478689
1.68573689
1.67377901
-0.70557755
-1.11363649
0.49898896
0.60916448
2.61498356
2.61932731

x
-0.57760823
-0.09346341
1.03086138
-1.28645205
-0.78221571
0.55880922
-0.05448128
-0.20677087
2.04866624
-2.28421497
-1.37552834
1.18277133

y
0.58788604
-0.79986894
-0.92376935
-0.32114619
-0.34203702
-0.64883810
1.49982798
-1.49327898
-1.13118958
-0.63807350
-0.10177384
-0.65095592

z
-0.51373708
-0.43302998
0.56775945
0.46115687
1.86838901
1.87184274
-0.30086973
-1.24427605
0.30732131
0.22281939
2.72601128
2.74345875

x
-0.51464897
0.31462818
1.29794645
-1.54038537
-0.87581515
0.59228200

y
0.34783122
-0.74718034
-0.76641470
0.05896322
-0.37048936
-0.64087760

z
-0.48861307
-0.62273878
0.54574531
0.60560381
1.70687735
1.69694412
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H
H
H
H
H
H
10. Structure benzvalyne
C
C
C
C
C
C
H
H
H
H
11. Structure benzyne
C
C
C
C
C
C
H
H
H
H
12. Structure disTS′
C
C
C
C
C
C
H
H
H

-0.02741032
-0.17220303
2.33453703
-2.57708979
-1.39146316
1.07345223

1.30146420
-1.70378208
-1.04218507
0.33494130
-0.49250481
-0.77493781

-0.33919087
-0.75352222
0.52124327
0.61710888
2.64236450
2.64900017

x
-0.09655527
-0.15227714
0.96095592
-1.23455715
-0.78297228
0.46763608
-0.05597737
-0.17067322
1.98582458
-2.25004411

y
0.46972793
-0.94399583
-0.41598082
-0.32644540
-0.57163441
-0.62262678
1.33870459
-1.57307601
-0.40685388
-0.23404928

z
-0.08906191
-0.31827629
0.63547862
0.61718422
2.01951647
2.02995729
-0.71054584
-1.18251884
0.32961217
0.29431415

x
-0.85433865
0.45567364
1.11552680
-1.53788245
-0.77983809
0.35904256
-1.31895959
0.92737263
2.09028578
-2.51223373

y
0.07954445
-0.51211542
-0.95593274
0.23954958
-0.23981614
-0.75357455
0.40563443
-0.60839272
-1.39730299
0.67773306

z
-0.50540119
-0.56695950
0.57378685
0.72220904
1.78692305
1.72803020
-1.41686261
-1.52674186
0.53802228
0.78508759

x
-0.57148534
-0.07987246
1.03785706
-1.31887484
-0.75266618
0.48937288
-1.00361979
-0.18274766
2.07025957

y
0.64626724
-0.74889797
-0.90788382
-0.19899753
-0.29607776
-0.57841164
1.09947145
-1.44842732
-1.00489724
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z
-0.53885663
-0.42853338
0.59108502
0.47291785
1.83234119
1.84531891
-1.40774906
-1.23862195
0.33048084

H
13. Structure conTS1a′
C
C
C
C
C
C
H
H
H
H
14. Structure conTS1b′
C
C
C
C
C
C
H
H
H
H
15. Structure conInta ′
C
C
C
C
C
C
H
H
H
H

-2.33933306

-0.44720116

0.26152629

x
-0.48499542
-0.18107219
0.95849288
-1.31527638
-0.77220047
0.45264027
0.06353579
-0.26955703
1.98156440
-2.34816957

y
0.57807237
-0.87599397
-0.77209949
-0.25317946
-0.35460770
-0.60662371
1.49203587
-1.55766630
-0.73115003
-0.39383724

z
-0.44684583
-0.42789406
0.49913400
0.50453913
1.89710152
1.86098838
-0.37687969
-1.25254023
0.19051071
0.25838998

x
-0.56745547
0.15725785
1.15661573
-1.41760385
-0.70996094
0.57978088
-0.10151576
-0.05886872
2.02429724
-2.42468691

y
0.58684391
-0.68826091
-0.93949485
-0.23299107
-0.20483841
-0.46565640
1.50768197
-1.42647159
-1.55759370
-0.54710895

z
-0.48268569
-0.49418423
0.59854102
0.47563148
1.69769883
1.74749911
-0.18310136
-1.24150288
0.50416756
0.29699609

x
-0.59775037
-0.12702130
0.99712479
-1.32997572
-0.75663209
0.46679676
-0.05315014
-0.22591665
2.02726650
-2.33505273

y
0.62431282
-0.81251937
-0.90821701
-0.27527353
-0.31396541
-0.59068650
1.51507330
-1.46724463
-1.01349378
-0.56371480

z
-0.46530423
-0.42224678
0.54368252
0.48931655
1.87261868
1.85656762
-0.22183387
-1.26617146
0.27691770
0.25802734
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Table D2. Imaginary frequencies for transition state.
benzvalene
Transition State
disTS
disTSback
conTS1a
conTS1b
conTS2

Imaginary Frequencies
294.92i
336.76i
159.27i
728.43i
849.86i

Transition State
disTS’
conTS1a’
conTS1b’

Imaginary Frequencies
226.38i
316.99i
1071.86i

benzvalyne

Table D3. Calculated energies (Hartree) for each structure.
benzvalene
Structure
benzvalene
benzene
disTS
disTSback
conTS1a
conInta
conTS1b
conIntb
conTS2

benzvalyne
Structure
benzvalyne
benzyne
disTS′
conTS1a′
conInta′
conTS1b′

MCSCF
-230.7610277333
-230.9012367588
-230.7166847405
-230.7094137023
-230.7110932530
-230.7113331421
-230.6955856068
-230.7399238638
-230.7328819966

ZPE
0.101768
0.104108
0.098434
0.097831
0.098057
0.098003
0.097540
0.100427
0.097628

MCSCF
-229.4824455493
-229.6520074000
-229.4355307572
-229.4373847249
-229.4384786149
-229.4206545733

ZPE
0.077037
0.078155
0.071925
0.072905
0.073032
0.070416
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MRMP2
-231.6034371904
-231.7302258617
-231.5674694378
-231.5521850547
-231.5571473528
-231.5540633982
-231.5479338186
-231.5769472948
-231.5666894649

MRMP2
-230.2567437929
-230.4154135000
-230.2152332228
-230.2182070091
-230.2163170536
-230.2114283808

Table D4. Natural orbital occupation numbers for active space orbitals.
benzvalene
MOs
disTS
disTSback
conTS1a
conTS1b
conTS2
conInta
conIntb
Benzvalene
Benzene

17
1.978
1.980
1.982
1.978
1.978
1.981
1.977
1.979
1.982

18
1.973
1.979
1.977
1.975
1.978
1.979
1.975
1.975
1.981

19
1.962
1.967
1.967
1.936
1.932
1.968
1.931
1.971
1.961

20
1.926
1.913
1.914
1.915
1.885
1.908
1.889
1.964
1.911

21
1.711
1.039
1.618
1.679
1.309
1.248
1.756
1.912
1.908

22
0.295
0.962
0.384
0.330
0.697
0.753
0.252
0.088
0.093

23
0.073
0.087
0.084
0.078
0.115
0.091
0.112
0.038
0.090

24
0.036
0.033
0.033
0.066
0.065
0.032
0.065
0.029
0.036

25
0.024
0.021
0.022
0.022
0.023
0.021
0.023
0.023
0.019

26
0.022
0.020
0.019
0.022
0.019
0.019
0.020
0.021
0.017

benzyne
MOs
disTS′
conTS1a′
conTS1b′
conInta′
Benzvalyne
Benzyne

15

16

17

18

19

20

21

21

23

24

25

26

1.981
1.981
1.981
1.981
1.978
1.982

1.969
1.970
1.970
1.970
1.974
1.977

1.962
1.965
1.925
1.965
1.970
1.958

1.908
1.911
1.891
1.911
1.962
1.912

1.697
1.763
1.689
1.751
1.901
1.905

1.236
1.710
1.426
1.477
1.735
1.835

0.767
0.290
0.584
0.524
0.268
0.166

0.303
0.241
0.319
0.252
0.095
0.098

0.091
0.086
0.089
0.087
0.040
0.087

0.041
0.039
0.081
0.039
0.030
0.039

0.024
0.023
0.025
0.023
0.024
0.022

0.020
0.021
0.020
0.020
0.021
0.017
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