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Computational Details — the Active Space; The Geometry Definitions.

Geometry optimizations of 1,2-bis(phenyl)diphosphene (PhP=PPh) were performed using the complete active
space self-consistent field (CASSCF) approach with a 6-31G** basis set. The energies of selected points were
calculated using second order perturbation theory (CASPT2). An active space of eight electrons and six
orbitals, (8/6), consisting of the phosphorous based opp, N, Ny, mep, Tpp*, and opp™ orbitals (Figure S1), was
chosen as a compromise between accuracy and computational expense.

Gpp n. n. Tlpp Tlpp

Figure S1. The (8/6) active space orbitals plotted with an isovalue of 0.02.
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B3LYP/3-21G(d) and B3LYP/6-31+G(d,p)//3-21G(d) were used to estimate the barrier to torsional rotation
about the bonds between the phenyl rings and phosphorus atoms (a.; and a.,), and the barrier to torsional rotation
about the central C-P=P-C unit (t) (Figure S2) This was accomplished through geometry optimizations with
constraints along these coordinates.

Figure S2. Definition of the the phenyl twist angles a,; and a,; and the C-P=P-C torsion angle .

The B3LYP hybrid functional has proven to be a versatile functional suitable for most of the ground state
energy excitations and perturbations calculated in this paper. Unfortunately, it performs rather poorly near the
transition state for the t rotation coordinate about the P=P bond, and may overestimate the actual ground state
trans-to-cis rotation barrier by as much as 50%.*

Computational Results.
» Geometries calculated at the CASSCF/6-31G** level.

Table S1. Summary of important geometric parameters for PhP=PPh

State P=P (A) P-C (A) P=P-C (°) o=y () T (°)°
So 2.091 1.845 101 50 177°
So 2.092 1.846 m 53 180
S: (™) 2.184 1.826 109 91 180
S, (nn*) 2.349 1.795 101 0.1 180
T, () 2.344 1.827 101 0.2 180
T, (N,%) 2.179 1.832 108 92 180

a. Geometry optimizations constrained along this coordinate at T = 180°, except where indicated.
b. Full, unconstrained geometry optimization.
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S, state — unconstrained trans- conformation
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S, state — constrained to the trans-conformation t = 180°
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S, state — constrained to the trans-conformation t = 180°
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T, state — constrained to the trans-conformation t = 180°
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» Energies from CASSCF(8,6)/6-31G** and CASPT2(8,6)/6-31G**//CASSCF(8,6)/6-31G** computational
levels for the ground and excited states reported in this manuscript.

Table S2. Summary of absolute energies for the geometry optimized states of PhP=PPh.

State CASSCF CASPT2//CASSCF constrained

E (hartree) E (hartree) to T =180°
So -1141.725753 -1143.453505 N?
So -1141.725631 -1143.453323 Y
S (nym™) -1141.618760 -1143.353801 Y
S, (%) 1141568416 a Y
T1 (nn*) -1141.666971 -1143.401158 Y
T, (nm™) -1141.639389 -1143.378473 Y

a. Full, unconstrained geometry optimization.

» Vertical transition (excitation and de-excitation) energies and oscillator strengths calculated at the
CASSCF(8,6)/6-31G** and CASPT2(8,6)/6-31G**//CASSCF(8,6)/6-31G** levels. All optimizations were
performed under the single constraint of T = 180° to prevent relaxation along this coordinate.

Table S3. Transition energies and oscillator strengths from the S, (t=180°) geometry

CASSCF CASPT2//CASSCF
AE (eV) A (nm) f AE (eV) A (nm)
S;(n.m*) « Sp 3.253 381 0.0083 2.856 434
Sy(n*)« Sp 5.196 239 0.1734 4.189 296
Ss(n.n*)«— S, 5.089 244 0.0948 4.255 291
Sy(n’n*?)« S, 6.649 187 0.0016 6.247 199

Table S4. Transition energies and oscillator strengths from the S; (t=180°) geometry

CASSCF CASPT2//CASSCF

AE (eV) A (nm) f AE (eV) A (nm)

Sy(nim*) — So -2.566 (-)483 0.0000 -2.179 (-)569
Sy(mn*)«Sy(n.m*) 2.562 484 0.0003 2.786 445
Ss(n.*)«— Sy (nm*) 1.899 653 0.0019 1.513 820
Su(n°m*?)«— Sy(n,m*) 2.729 454 0.0000 2.786 445
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Table S5. Transition energies and oscillator strengths from the S, (t=180°) geometry

CASSCF CASPT2//CASSCF?
AE (eV) A (nm) f AE (eV) A (nm)
Sy(n*) = So -3.660 (-)339 0.1369
Sy(n*) — Sy(n,m¥) -0.603 (-)2057 0.0001
Sy(nm*)<— Sy(nm*) 0.711 1744 0.000
Su(n°n*?)«— Sy(nn*) 0.993 1248 0.1635

a. We were unable to get the CASPT2 calculations for the Sy(nn*) constrained (t = 180°) geometry to
converge properly; further calculations to resolve this issue will be taken in future.

Table S6. Transition energies and oscillator strengths from the T, (t=180°) geometry

CASSCF CASPT2//CASSCF

AE (eV) A (nm) f AE (eV) A (nm)
To(ne*) « Ty(nn*) 1.363 910 0.0067 1.267 978
T3(nm*) «— Ty(nn™) 3.263 380 0.0000 2.953 420
Ta(ni0*) « Ty(nn*) 3.811 325 0.0000 3.503 354
Ts(no™) < Ti(nn*) 3.819 325 0.0018 3.512 353

Table S7. Transition energies and oscillator strengths from the T, (v=180°) geometry

CASSCF CASPT2//CASSCF
AE (eV) A (nm) f AE (eV) A (nm)
To(na*) — Ty(nn*) -0.188 (-)6579 0.0011 0.075 16461
T3(nm*) < To(n,m*) 2.267 547 0.0091 2.111 587
Ta(n:0%)  To(n.m*) 3.267 380 0.0004 2.848 435
Ts(n ' n'n*?) « To(n,m*) 3.528 352 0.1439 2.987 415

» DFT computations upon the full DmpP=PDmp compound. See Figure S2 for definitions of degrees of

freedom.

Rotation about the P=P bond. The thermal (ground state) barrier to rotation about the central P=P bond (t) is

52.6 kcal/mol at the B3LYP/6-31+G**//3-21G* level for DmpP=PDmp. The rotation transition state occurs
at ~100° rather than at the midpoint of 90°, most likely due to errors associated with the single-determinant
DFT method around the transition state. CAS calculations indicate that more than one determinant is needed

to accurately describe the region around the t = 90° geometry.
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Twisting about the P-phenyl bonds. When one phenyl-PP torsion angle is constrained and the remainder of
the molecule allowed to geometrically relax (red traces, Figure S3), the other ligand rotates in concert with
ease (o = -ap, + 108°% r? = 0.99) to keep the two phenyl rings at a nearly constant 77 + 2° relative to one
another. The energy changes by < 2 kcal/mol across the entire range of phenyl twist angles. This low-barrier
motion is reflected in the crystal structure of DmpP=PDmp, in which the two phenyl twist angles are 81° and
13° (ref. 3) and the large variety of phenyl twist angles, and crystal structure disorder, observed in the crystal
structures of many aryl diphosphenes.”* Forcing the twist angles to be equal (i.e. o, = a) leads to slightly
higher barriers at 11.6 kcal/mol (rings coplanar with P=P) and 4.0 kcal/mol (rings perpendicular to P=P)
(blue traces, Figure S3). Thus the central P=P appears to be able to freely swivel about inside the "cocoon”
of the Dmp ligands, without adopting a cis-conformation.

15

10 +

Energy / kcal mol!

phenyl twist angle o,

Figure S3. The ground state potential energy surface associated with the diagonal o, = o, (blue circles) and

single a; only (red squares) phenyl twist angle distortions of trans-DmpP=PDmp. Calculated at the
B3LYP/3-21G* (filled symbols) and B3LYP/6-31+G**//3-21G* levels.

* Quenching of 2,3-butanedione phosphorescence with DmpP=PDmp. This molecule was chosen because it
has a high triplet quantum yield with phosphorescence observable at room temperature,* and the energy of
its lowest triplet state is 55 kcal/mol,%® higher than that of DmpP=PDmp. Excitation of the singlet diketone
leads to triplet-triplet energy transfer to the low-lying DmpP=PDmp triplet states (right panel, Figure S4).

The DmpP=PDmp / diketone quenching experiments were performed as follows. Cyclohexane and diketone
(2,3-butanedione) were distilled before use. Solutions of 0.01 M diketone in cyclohexane were subjected to
three cycles of freeze-pump-thaw to ensure an oxygen-free solution. Freezing was accomplished with an ice-
NaCl bath (T < 10°C). The DmpP=PDmp concentration was set to 0.2 mM for quenching experiments. UV-
Vis absorption measurements were carried out on a Cary 100 spectrometer; fluorescence (not shown) and
phosphorescence measurements were performed on a Cary 5 spectrometer. For phosphorescence
measurements, the delay time was set to 0.1 ms and the gate to 1.0 ms. All measurements were performed at
room temperature.
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Figure S4. Left panel: Normalized UV/Vis absorption spectra of DmpP=PDmp in cyclohexane (blue) and 2,3-
butanedione in cyclohexane (red). Right panel: Phosphorescence from 0.01 M 2,3-butanedione in cyclohexane excited
at 420 nm without DmpP=PDmp (dark green) and with 0.2 mM DmpP=PDmp (dark orange). Excitation at 450 nm
without DmpP=PDmp (light green) and with 0.2 mM DmpP=PDmp (light orange). All experiments performed under

anaerobic conditions at room temperature.
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