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Synthesis, electronic structures and electrochemistry of 3-triarylphosphoraniminato-1,3,5-trithia-2,4,6,8-
tetrazocines. Detection of trithiatetrazocinyl radical anions.

Xin Yu," Tracey L. Roemmele®® and René T. Boeré*[*"!

Dedicated to Prof. Allen M. Bond for integration of electrochemistry with inorganic chemistry. His inspirational
support is greatly appreciated by all who have been lucky enough to work with him.
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Abstract: Reaction of the bicyclic sulfur-nitrogen heterocycles RCsH4CNsSs (R = 4-CH30, 4-CHs, 4-H,
4-Cl, 4-CF3, 3-CF3, with PR’3 (R” =C¢Hs or 4-CH30CgH4) produces 3-phosphoraniminato-7-aryl-1,3,5-
trithia-2,4,6,8-tetrazocines RC¢H4sCN4SsNPR’s. In all cases, only the endo-isomers were isolated and
characterized by H, 3!P, and F NMR, UV spectroscopy, and X-ray crystallography. RB3LYP/6-
311+G(d,p)// RB3LYP/6-31G(d,p) computations were undertaken to help explain the atom-exact
syntheses via intermediates previously detected spectroscopically. Three reasonable
intermediates have been computed as stationary points with energies consistent with the
observed reaction path. Cyclic and square wave voltammetry studies of RCsH4CN4S3NPR’3 using a
glassy carbon working electrode in CH,Cl; with 0.4 M ["BusN][PF¢] all displayed two IRR reduction
processes at RT at approximately —1.9 V and -2.2 V, respectively, and one IRR oxidation process at
approximately 1.0 V (versus Fc*/). [RCsH4CN4S3sNPR’3]™ radical anions (R’ = 4-CH30CgHa, R = 4-
CHs0, 4-H, 4-CFs,) were detected at -50 °C in CH,Cl; by in-situ electrolysis and simultaneous
electron paramagnetic resonance spectroscopy: [4-RCsH4CN4S3NP(4-CH30CgH4)3]™°, estimated
a(®P) =0.078 mT, a(**N1) = 0.031 mT, a(**N2,3) = 0.256 mT, a(**N4s) = 0.341 mT. The signals decay
rapidly but after electrolysis is ended, a persistent EPR signal is always obtained with EPR
parameters that match for known 4-aryl-1,2,3,5-dithiadiazolyls, e.g. a(N) =0.51 mT and g =
2.0105, consistent with production of [4-CF3-C¢HaCN,S;]".
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1. Introduction
Interest in unsaturated sulfur-nitrogen heterocycles continues apace due to their unique physical attributes

and versatility in displaying interesting materials properties.’! These include molecular (semi)conductors'?,
ferromagnetism®, bi-stability!*, novel ligands to transition metals® and the recent recognition of a role in
biochemical signalling.®! The large rings [SsN4]**, A,/”! trithiatetrazocines [RCS3N4]*,'® B, and the 1,5-dithia-
2,4,6,8-tetrazocines, C,”! all posses 10 n-electrons and have been predicted to be planar based on Banister’s
electron-counting rules for aromaticity (Chart 1).* While A — C retain nearly planar conformations with almost
equal S—N distances, strong m-donor substituents (i.e. NR;) at C (D1) or heteroatoms D2,3 induce a strongly
folded "butterfly" conformation in which a short transannular S-S contact develops. **) Two such S-S contacts
are found in the structure of the well-known parent cage compound SaN. (from which A is derived via a two-
electron chemical oxidation) but other binary sulfur nitrogen compounds such as the [SaNs]™ anion F display a
single S-S contact.'? The electronic structures of these heteroaromatics are of intense current interest.*3!

/N ,/,S:T N\ N ,’»S-T N N T-S-T N
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N—§
I/ N\
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/ —_—
Ar—< //N / \
N=S Ph3P:N S—/S
|
Chart 1

Our research group has been active in investigating the solution electrochemistry of binary sulfur-nitrogen
compounds and of heterocycles that are rich in thiazyl linkages.[*™ °® 14 Thus we demonstrated that the
electrochemical reduction of S4N4 induces a chemically-reversible conversion to [S3Ns]~,**?! whilst the smaller
S2N3 ring compound upon reduction first transforms to paramagnetic [SsN4]™*, which then rapidly converts to
[S3N3]™ also. The heterocyclic analogues C and D, by contrast, accept electrons to give EPR-active radical
anions but thereafter rapidly decompose to unknown, EPR-silent, products.®! Our interest has now turned to
the title compounds G which blend ring systems A and C.®> 15 These are neutral substituted analogues to the
planar cations B which have Cl 51 or N=ER's (E = P, As) [*>>¢! groups covalently bonded to the sulfur atom trans
to the carbon atom in the eight-membered rings. The latter derivatives, ArCN,S;N,S—N=PAr';, can be produced
in high yields by nucleophilic attack of the bicyclic rings RCNsS; 3 [*®! (isoelectronic with [SsNs]*, E in Chart 1) 1)
by EPhs, and exist solely in the folded conformation.

This article is protected by copyright. All rights reserved.
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Structural isomerism has been demonstrated in the case of E = As, with both the endo (thermodynamic
isomer) and the exo (kinetic isomer) conformations characterized in the solid state (Chart 1).[**®! The known E =
P derivatives also form both isomers, with the kinetic isomer converting over time to the final endo
structure.®>>9 Previous investigations of the conversion of specifically the Ar'sP=N-substituted G-exo to G-endo
using P and N NMR spectroscopy have provided structural and spectroscopic evidence that the
rearrangement proceeds via a 1,3-nitrogen shift pathway, through rapidly formed 5-aryl-1A*53,3A%82,5-dithia-
2,4,6-triazine intermediates, H (Scheme 1).1*>¢¢]

To date no electrochemical studies on either the cationic, B, or neutral trithiatetrazocines, G, have been
reported in the literature. For diamagnetic and formally electron-rich thiazyl heterocycles of this type,
voltammetry can assess (i) the redox stability window, also known as the "cell potential" Ec.i between the most
accessible oxidation and reduction processes *" and (ii) the degree of redox-tunability exerted by substituents
on the R and ER'; groups. We have previously made use of a series of 3- and 4-substituted aryl R groups as a
standard set of substituents for various thiazyl heterocycles to test relative redox-tunabilities.[* 148" Here we
report application of this concept to type G compounds by the synthesis and full chemical- and structural
characterization of a double series of 3-triarylphosphoraniminato-7-aryl-1,3,5-trithia-2,4,6,8-tetrazocines 4
(with Ar' = Ph) and 5 (with Ar' = 4-CH30C¢H4). The use of two phosphines was undertaken to also assess the
influence of the Ar';sP=N- moieties on the redox properties and in the hope that the more basic phosphine might
allow for isolation and study of G-exo isomers since all the known PhsP=N- derivatives reported in the literature
have thus far only been structurally characterized as G-endo isomers. Iminophosphoranes are known
substituents for elements across the Periodic Table.!®

2. Results and Discussion
2.1. Synthesis

The title compounds 4a-f and 5a-f (Scheme 2) were prepared by slight modifications of a published method
[15¢dl hy the reaction of triphenyl phosphine or tris(4-methoxyphenyl)phosphine, respectively, with six different
7-aryl-1A%3\*82,5A*trithia-2,4,6,8,9-pentaazabicylo[3.3.1]nona-1(9),2,3,5,7-pentaenes, 1a-f,[16c) using
anhydrous toluene as the reaction medium. The reaction mixtures typically turn a bright red color, previously
identified by in-situ 3'P and >N NMR spectroscopies with the rapid formation of compounds of type H, but on
longer standing turn a variety of colors between yellow and orange. Crystals of the purified products were
obtained by slow-cooling of mixtures of CH3CN/CH,Cl, and were found to have a range of colors from almost
colorless to deep orange.

This article is protected by copyright. All rights reserved.
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2.2. Characterization

The previously reported 4c was identified by MP and spectroscopy (see the full Experimental details in the
SI) by comparison to the original report.!** The eleven new derivatives have been exhaustively characterized by
solution NMR including *H, 3C, *°F and 3P spectroscopy, with assignments verified by *H-'H COSY, *H-*C HMBC
and H-13C HSQC methods. Key NMR results are listed in Tables 1 and S1,2. The molecular ions were confirmed
by high resolution ESI-MS and fitting combustion analysis have been obtained.

Table 1. 3!P and selected *C NMR data for 4 and 5.%®

Substituent P1 C1 P1 C1 AS'©
4-CHs0 4a 19.87 179.36 5a 19.59 179.25 0.28
4-CHs 4b 20.05 179.88 5b 19.78 179.90 0.28
4-H 4c 20.21 179.63 5¢ 1996 179.63 0.25
4-Cl 4d 20.31 178.52 5d 20.08 177.79 0.23
3-CF; 4e 20.35 178.04 5e 20.16 177.78 0.19
4-CF3 4f 20.50 178.03 5f 20.47 179.75 0.03
AS? 0.63 0.88

@& in ppm vs. external 85% H3PO4 measured on solutions in CDCl.
®The atom numbering is that used in Figure 1b,c. ¢ A8 = (8pphs — Spia-mecona)s). © AS? = (8a.cr3 — Sameo).

The 3!P chemical shifts (Table 1) are characteristic of the endo-anti geometry demonstrated previously to be the
most stable form for this class of compounds, specifically 4c 6 = 20.21 ppm (lit. 20.9 ppm)™*>? whereas the red-
coloured intermediate 3¢ (6 = 26.3 ppm) and exo-anti isomer of type 4c-exo (6 = 27.0 ppm) have chemical shifts
6 - 7 ppm to higher frequency. There is a small but consistent trend towards higher frequency as the R
substituents become more electron withdrawing, with the overall trend for the series A8 = +0.63 ppm. There
is a very small but consistent shift also to higher frequency when PPhs is replaced by the more basic P(4-
CH30CgH,)3, A8%. A single 4-CH30 R group induces a shift difference A8 of —0.34, while three such 4-CH30 groups
on the phosphine produce a shift difference A8! of only —0.25 ppm. Thus the ground state nuclear magnetic
properties of 4 and 5 are very weakly susceptible to substituent effects, which are consistent with greater
shielding of the 3!P nucleus by stronger donors. The 3C chemical shifts of the endocyclic carbons C1, closely
similar at 178-179 ppm for all 4 and 5, may be compared to the distinct values determined for dithiatetrazocines:
for planar derivatives C with aryl substituents, §(RC) is 137—-138 ppm,© for the bis-'Bu derivative, 5(RC) = 144.8
ppm.% 118l However, for the folded derivatives D1, §(RC) is 179-180 pm;** thus, the chemical shifts of C1 are
characteristic of the folded geometry in solution for all these derivatives of 4 and 5.

This article is protected by copyright. All rights reserved.
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Initial attempts to measure mass spectra by conventional heated probe/El methods were inconclusive. The
dominant peak is usually that for Rs3P=NSNH*, which implies ring decomposition or at the very least significant
re-arrangement. Thermolysis of bulk crystals to determine the MP indicated that 4 and 5 all darken to a cherry-
red color well below the melting point, and that the melts retained this colour. Such deep red colouration is
strongly indicative of the presence of R-(NS),- cumulene structures such as type H or | (Chart 1).5% ! However,
the crystals that were repeatedly isolated from thermolysis studies — despite a ruby-red appearance —were only
those of Ar';sP=S, compounds well-known to be colourless when pure. Eventually, by using electrospray
ionization, high resolution mass spectra were obtained for all new compounds 4 and 5 which confirms their
chemical compositions in conjunction with sample purity established by *H and 3C NMR and EA.

Figure 1. Displacement ellipsoids plots (40% probability) of the molecular structures of (a) 1d, (b) 4d and
(c) 5d as found in their crystals. The standardized atom numbering scheme for all structures is shown.

2.3. Crystal and molecular structures

Single crystal X-ray diffraction structures were determined for reactant 1d and all the new 4 and 5, twelve
structures in all, in order to confirm their geometries and to correlate the considerable variation in colours of
the crystalline solids with solid-state conformations. In fact, despite colors ranging from deep orange to
colorless, all the crystallographically isolated exemplars have the endo-anti geometry first reported for 4c in
1986,1** similar to the observations of Knapp et al.*>*! Here only three representative structures, 1d, 4d and 5d,
are illustrated (Figure 1) and described but the remainder are described in the Supporting Information.

2.3.1. Single-crystal diffraction structure of 1d

This article is protected by copyright. All rights reserved.
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The structure of 1d (Fig. 1a) consists of a 1A\*83,3 A*6?%,5-dithia-2,4,6-triazine ring which is planar for the five-
atom fragment C1-N4-52-53-N5 to within 0.01 A but with N3 tipped out of the plane by 0.585(2) A (dihedral
angle between the two planes is 139.4(1)°). A second five-member ring consisting of S2-N2-S1-N1-S3, itself
planar to 0.03 A, is hinged to the primary ring with a dihedral of 103.94(3)°. The molecule has a plane of
symmetry; the equivalent bonds alternate in distinct sets with short C—N (1.319) and S—N (1.593) followed by
slightly longer bonds to N3 (1.604), considerably longer S—N bonds (1.719) to the bridging NSN group and very
short bonds (1.523 A) consistent with a bridging N1=51=N2 moiety.['% Bicyclic cages 1a-f of this type are the
synthetic precursors to all 4 and 5 reported here (see Experimental).

2.3.2. Representative single-crystal diffraction structure of 4d

The picture of the geometry of 4d (Fig. 1b) shows the common numbering scheme used for the series of
molecules. Compared to its precursor 1d (Fig. 1a) the loss of the bridging N3 atom results in shorter cross-ring
distances, d(S--S) = 2.4330(6) in 4d versus 2.657 A in 1d, and an enlarged folding angle (the dihedral in 4d is
114.85(4)°, an increase of 11°). A comparison of bond lengths indicates that those in 4d are more evenly
distributed. The average C—N distance is longer at 1.334 A, while the S—N distances for similar bonds are 1.633
(N4,5-52,3), 1.602 (S2,3-N2,3), 1.654 (N2,3-S1) and 1.654 (S1-N1) A, respectively. By comparison the average
C-N and S—N distances in folded dithiatetrazocines D1 are 1.348 and 1.605 A, respectively.!'!

Table 2. Average distances and angles from twelve crystal structures assuming Cs symmetry. °

Distances P1-N1 S1-N1 S1-N2,3 $2,3-N2,3 $2,3-N4,5 N4,5-C1 C1-C2 $2.--S3
(A)
This work 1.604(5) 1.610(7) 1.653(4) 1.598(5) 1.632(3) 1.333(3) 1.482(4) 2.43(1)
4gb 1.599(8) 1.626(7) 1.654(8) 1.605(7) 1.615(6) 1.345(10) 2.452(3)
4h° 1.609(3) 1.602(3) 1.656(4) 1.582(4) 1.651(3) 1.318(6) 1.522(6) 2.454(2)
Cations B ¢ 1.57(1) 1.56(1) 1.538(7) 1.33(1) 3.98(4)
Angles (°) P1-N1- N1-S1- N2,3-S2,3- $2,3-N4,5- dihedral 1¢ dihedral 2f
S1 N2,3 N4,5 C1
121(2) 107.1(3) 115.6(7) 117.8(3) 115(1) 144(1)

2Obtained by averaging the corresponding values from single-crystal X-ray diffraction studies on 4a-f and 5a-f. Structure of
4c reported in Ref. 15f. Note that the molecule located on the mirror plane in 4a was excluded from this analysis. Errors are
standard deviations of the values. The full data are provided in Table S6. For atoms numbers, see Figure 1.

b4g: directly bound Me:N substituent at C1, from reference 15c.

¢4h: directly bound CFs substituent at C1, from reference 15c.

9Data for approximately planar RCN4Ss* ions from reference 8; see Chart 1.

€ Dihedral angle between the CIN4N552S3 and the S2S3N2N3 planar ring fragments, expressed as the obtuse value.

f Dihedral angle between the S2S3N2N3 and the N2N3S1 planar ring fragments, expressed as the obtuse value.

2.3.3. Representative single-crystal diffraction structure of 5d

The structure of 5d as found in the crystal lattice is shown in Figure 1c, along with the slightly-modified
numbering system required for the 4-methoxyphenyl groups on phosphorus. The bond distances and angles in
the series 5 involving ArC and the thiazyl ring atoms are statistically indistinguishable from those in the series of
structures of 4. For example, the transannular S2-::S3 contact in 5d is 2.4369(8) A, which cannot be differentiated
from that found in 4d at the 95% confidence level. Similar transannular contacts have been observed in mono-
and dications of Sg rings by crystallography as reported very recently.!?%)

2.3.4. Summary of structural results

This article is protected by copyright. All rights reserved.
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The full series of structures 4a-f and 5a-f now available is an excellent structurally characterized set of
homologous thiazyl molecules. Differences between them are restricted to some conformational variation in
the orientations of the Ar'sP moieties about the PN-S bonds and within their lattice structures there are several
different kinds of short contacts (reviewed in detail in the Supporting Information). That such intermolecular
interactions are weak is convincingly demonstrated by the high similarity of the metric parameters of all the
molecules investigated in this series (Table 2). Within the rings there are distinct variations among different
symmetry-equivalent bonds. Thus, starting from S1, the bonds alternate in long [1.653(4)] - short [1.598(5)] -
long [1.632(3)] fashion, though as mentioned above for 4d this variation is much smaller than in the precursor
cage compounds 1. It would appear that the bonds in 4 and 5 are overall weaker than those in the corresponding
D1, and significantly longer than those found for the planar aromatic structures B (the average S—N distances
ranging from 2.9 to 6.4% longer — see Table 2). Indeed, we have calculated the average bond distance within the
eight-member rings for the two classes of compounds: for 4 and 5 1.554(4) and for B 1.50(1) A, almost 4% longer
in the folded covalent versus the planar cationic species. These results imply that the aromatic character
detected in cations B has been weakened in 4 as a result of the second-order Jahn-Teller distortion that
accompanies substitution at sulfur.l! All the observed structures of 4 and 5 have the endo-anti geometry with
highly conserved dihedral angles of 115(1)° for the CN,S,—S;N; and 144(1)° for the S;N>—N,S pivots, respectively.
Within this series, no obvious differences could be observed for these two values among the N=PPhs and
N=P(CsH4sOMe)s substituents nor, for that matter, with the RC ring substituents. Given the wide variety of crystal
packing that occurs over this range of molecules, such a level of structural conservation implies that the
geometries of this class of molecules are quite robust and resistant to distortion. On the other hand, if we
consider the directly bound strong donor Me:N (4g) or the strong acceptor CF; (4h) at the ring carbon, a distinct
pattern in the bond lengths can be observed with, in each case, the aryl substituents intermediate between
those of the other two types (Table 2).[>

2.4. Computational insights into the mechanism for conversion of 1 into 4 and 5

©
£0
= PhCN.S, + PPh,
= 1
(2 e
2 92 d N
i a8 %
v a 8/
-50 — ey e 2 y——
g A b g o a o
Pl @9 N - e
o : i
e, ,"\ *a s -9
&% % ‘;:./;‘-’*‘H s
&9 » ko
2 'Sa r‘( P | .
-100 P -84 kJ/mol ) e & b
' 4 L | .J .9“ /e ‘{ {'\ = e —\;* ‘f‘&
@ [t o & - J/ AN /f‘ L \
* . ..'"\ P70 S o endo-3c \. )
S -114 kJ/mol e
i /
s exo-3¢ e 3-ev
= - exo-4c =
150 |, 134 kJ/mol il e
L endo-4c¢
HOMO of exo-3¢ -152 kJimol

Reaction coordinate ——>
Figure 2. Reaction profile diagram showing the energies and structures (from RB3LYP/6-311+G(d,p)//
RB3LYP/6-31G(d,p) calculations) for reaction of PPh; with 1. The HOMO that stabilizes exo-3c is also shown.

The mechanism (Scheme 1) first proposed in 1987 for the atom precise transformation of 1 into 4 or 5 was
based on strong evidence from in-situ 3'P and >N NMR ¥ and it has been substantiated thereafter by other
researchers.[> Since equilibria in solutions involving 3 and 4 or 5 are relevant to the electrochemical study, we
have undertaken a investigation of this mechanism using hybrid density functional theory (DFT) calculations at
the RB3LYP/6-311+G(d,p)// RB3LYP/6-31G(d,p) level of theory (Figure 2). PhsP as nucleophile attacks the LUMO
of 1, a t* orbital centred on the bridging N1=S1=N2 moiety. While a stable computed structure with P attached
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to S could not be found, a significantly stabilized structure 2 (-84 kJ/mol) was found with PhsP attached to N1
(Figure 2), which already has a greatly elongated N1-S3 bond (2.539 A). Such a rapid migration from S to N has
been demonstrated previously for the reaction of phosphines with sulfur diimides.?*! The reaction of PhsP with
1,3,2,4-benzodithiadiazines also results in the extrusion of a ring nitrogen atom to form an iminophosphorane
substituent at sulfur in a smaller ring.[?? Complete severance of the N1-S3 bond leads to the chain intermediates
3 (all atom numbers refer to usage in Figure 1). Although stable intermediates can be found in both the exo-3
and endo-3 conformations, the former is 20 kJ/mol lower in energy. In both isomers, the folded conformations
facilitate a through-space S-S contact (2.798 A exo, 2.804 A endo) in their HOMOs that strongly resemble the
transannular bonds in the final products (inset to Figure 2). From these intermediates, a facile, symmetry-
allowed 1,3-N shift, involving just a simple rotation about the S3—N3 bond, converts the N3-S2 linkage to an N3—
S1 linkage, whereby the ArP=N- substituted trithiatetrazocines 4c-exo or 4c-endo isomers are produced. The
isomeric preference in the final products are reversed from those in the computed intermediates, with the 4c-
endo isomer lower in energy than 4c-exo by 16 kl/mol. The small differences in energies amongst 4c-exo, 4c-
endo, 3c-exo and 3c-endo fits well with the observed equilibria of these species in solution,!***? though we note
that there is spectroscopic evidence for only one isomer of 3. These computed energies are estimates that do
not take into account dispersion forces (which can be substantial in e.g. the folded geometries with many aryl
groups) nor solvent influences. Nevertheless, these DFT-computed structures provide an appealing confirmation
of the mechanism determined from NMR spectroscopy. There exist significant precedents for the PhsP=N-S—N—
chain fragments in 3; for example, PhsP=N-S—N=S=S, | (Chart 1), has been prepared in bulk and structurally
characterized by single-crystal X-ray crystallography.!**!

2.5 Voltammetry

Cyclic and square wave voltammograms on solutions of the series of compounds 4 and 5 in CH)Cl, at
temperatures between 0 - 22 °C with 0.4 M ["BusN][PF¢] as the supporting electrolyte all gave rise to two closely
spaced reduction processes and at least one oxidation process within the solvent/electrolyte window (-2.5 to
+1.6 V). Representative voltammograms of compound 4c in CH,Cl, including the internal ferrocene reference
are shown in Figure 3. All potential data are given with respect to E££+/0' the formal potential for the Fc*/° redox

couple, and are reported in Table 3 for a scan rate of 0.2 V s! (further details in the Supporting Information.)
There is very good agreement between the potential data from SWV and CV experiments.

Table 3. Summary of cyclic voltammetric data for 4 and 5.°

Compound  R= conc (mM) ESL, Vv ES?,V EZ,V EZTL v
4a’ 4-CHs0 2.64 -1.99 -2.26 0.94 2.93
4b® 4-CHs 4.55 -1.96 -2.23 1.00 2.96
4c? 4-H 2.53 -1.97 -2.26 1.03 3.00
ad® 4-Cl 291 -1.94 -2.27 1.06 3.00
4e’ 3-CFs3 1.85 -1.86 -2.22 1.09 2.95
af® 4-CFs 1.66 -1.86 -2.23 1.09 2.95
5a‘ 4-CHs0 2.15 -1.99 -2.34 0.94 2.93
5b° 4-CHs 3.08 -1.98 -2.34 0.97 2.95
5c¢ 4-H 2.53 -1.95 -2.32 0.98 2.93
5d°¢ 4-Cl 1.78 -1.94 -2.35 1.00 2.94
5e° 3-CF3 1.35 -1.89 -2.31 1.06 2.95
5f¢ 4-CFs 1.67 -1.89 -2.32 1.06 2.95

9 Obtained at a GC electrode, area = 0.066 cm?atv=0.2V stand T=21 2 2 °Cin CH,Cl; solutions
with 0.4 M [BuN4][PFe]. All potentials are vs. E;_)éﬁo. 5 ArsP = PPhs. ArsP = P{CsH4-4-(OCHs)}.
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For all twelve compounds, the first cathodic process (E{.jl) showed only a small return wave at scan rates of
50 V st or greater and temperatures of 0 °C. There was also a small but noticeable shift in the peak potential
Egl towards more positive values as the substituent R on the heterocyclic aryl group varied from electron-
donating to electron-withdrawing. The overall shift in potential was 0.13 V for 4a—f, and 0.10 V for 5a—f, with no
noticeable effect which could be attributed to the nature of the iminophosphorane group. The oxidation process
was also found to be irreversible at the temperatures and scan rates that were investigated. It displayed a similar
trend in the peak potentials, with E;}3 shifting to more positive values (0.15 V for 4a—f and 0.12 V for 5a—f) with
the increased electron-withdrawing ability of R on the heterocyclic aryl ring. Again there is no influence on these
potentials by the iminophosphorane group. By comparison to previous data on the related heterocycles C and
D1,2, the Egl and E{,‘3 potentials indicate that 4 and 5 are more difficult to reduce and easier to oxidize by more
than 0.5 V.2¢ |nterestingly, the E.i values (that is, the redox stability window for the neutral species) are
extremely similar to that of D1:E = CN(CHs); (2.969 V).1%2<!

(a) Potential, V vs. F¢™
25 2 A5 - 05 0 05 1

Current, pA
&
=,

-60 1
E FC*/O .
“
Ep
(b) 401
20 -
< o-
a— -20 -
c 10
O 40 Fc
5
3 601
-80
100 -
T T T T T T I
20 45 40 05 00 05 10

Potential, V vs. F¢™®

Figure 3. Square wave (a) and composite cyclic (b) voltammogram of a 2.9 mM soln. of 4d in CH,Cl,
on a GC electrode at 22 °C, 0.4 M ["BusN][PFe], v = 0.2 V s7* along with 0.42 mM ferrocene, as an
internal reference (initial scan directions from the open cell potential in CV are indicated).

-1.86 .
-1.88 i
E (V)
-1.9 112
-1.92 1.1
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-1.96 . ’ 1.06
198 (b) ..u.__s.-.»_-_;.- o \ 1.04
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-2.02
EV) 0.98
0.96
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Figure 4. Correlations of peak potentials with Hammett o, and o, parameters for (a) Egl of 4; (b) E§1 of 5 (left
hand vertical scale); (c) Eg3 of 4 and (d) E§3 of 5 (right hand vertical scale).

The influence of the remote aryl substituents R on the redox potentials for all four series (Egland Eg3 for 4

and 5) correlate reasonably well with the Hammett parameters (Figure 4) of the substituents. The small slopes

of the regression lines (0.13 to 0.16 V per Hammett index unit) compare well with those of other thiazyl

This article is protected by copyright. All rights reserved.



262
263
264
265
266
267
268
269
270
271

272
273

274

275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

292

293
294
295
296

ChemElectroChem 10.1002/celc.201701191

Submitted to ChemElectroChem 2017, Alan Bond Festschrift issue 10

heterocycles. Thus, in 4-aryl-1,2-dithia-3,5-diazolyls 7, neutral 7m heterocycles where the redox molecular
orbital (RMO) is the same for oxidation and reduction and is nodal at the substituted C atom, slopes of 0.15 V
per index were obtained.[*" Similarly, the reduction of 1,2,3,5,7-dithiatetrazocines (C) for which the RMO is
also nodal, the slope is 0.11 V per index. By contrast, for oxidation of these heterocycles, for which the RMO are
conjugated to the aryl rings, the slope obtained was 0.51 V per index (see Supporting Information for the
associated data).®*< A consideration of the Kohn-Sham orbital surfaces for neutral 4c is consistent with minimal
aryl ring or iminophosphorane contributions to both RMO, in accordance with a purely inductive ring substituent
influence. Both these RMO involve the transannular S-S bond, i.e. the filled, bonding, HOMO and the empty,
anti-bonding, LUMO (Figure 5a,b). The similarity to the folded all-carbon analogue D1: E = CN(CHjs), is again
striking.®?!

Figure 5. Redox Molecular Orbitals computed for 4c: (a) Oxidation at the HOMO and (b) reduction at the
LUMO. (c) RMO for reduction of 3c-exo. (d) Computed SOMO of 4¢°.

The peak potentials for the second cathodic process (Egz) are, by contrast, essentially invariant with
substituent type on the heterocyclic aryl ring, with average values of —2.25 + 0.02 V for 4a-f and -2.33 £ 0.02 V
for 5a-f. Significantly, these values do change between phosphine series (R’ = Ph to 4-CH30Cg¢H4) by
approximately 0.1 V. A similar difference in potentials has been seen for the reduction of naphthalene versus
mono-methoxynaphthalene,!®! suggesting that this potential shift is reasonably attributed to the greater
electron-donating capacity of tris(4-methoxyphenyl)phosphine compared to triphenylphosphine. It may be
inferred that this second process is localized on the Ar'sP=N-S region of the molecule. First of all, with
spectroscopic evidence for equilibria in solution, it needs to be considered whether E§2 could involve reduction
of 3-exo (Figure 5c). Against this notion is the known small concentration of 3a-exo compared to the peak
currents obtained for this process.[*> On the other hand, in view of the results obtained from EPR studies (see
below), the presence of phosphorane-centred decomposition products formed even at greatly reduced
temperatures subsequent to the one electron reduction process Egl is also strongly indicated. Attempts to
outrun such (a) chemical step(s) by fast scanning (>1 V s) are hindered by significant broadening of the peaks
and an overall shift of the EISZ values towards more negative values which are outside of the solvent/electrolyte
window. As a result, the identification of this second reduction process remains unconfirmed. Nevertheless, a
proposed mechanism for the decomposition of 4~ or 5-*induced by E;jl produces neutral Ar'sP=N-S=N; perhaps

E{jz involves a first reduction of this iminophosphorane (see below).
2.6. In situ electrochemical-EPR spectroscopy experiments

The irreversible nature of the CV processes for reduction suggested that the observation of any radicals from
this system would be challenging. However, given our recent success with the C2N4S; and P2N4S; rings % coupled
with the development of the in situ electrochemical cell which could be used for low temperature studies,!*4?!
the detection of such transient radicals seemed worth attempting. In situ electrochemical EPR reduction
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experiments were conducted in CH,Cl, at temperatures between —90 and 0 °C for compounds 5a, 5¢, and 5e
utilizing the low-temperature SEEPR cell and a modified version of the gold-micromesh working electrode first

described by Neudeck and Kress.? For these three compounds, reductive electrolysis at =2.0 V vs E%HO at-50

°C gave rise to strong EPR signals from single 82 s scans.

(a)

(d)

331 332 333 334 335 336 337 338
mT
Figure 6. (a) In situ first derivative EPR spectrum obtained during reductive electrolyses (82 s single scan)
of a 3.14 mM solution of 5a in CH,Cl; at a gold mesh electrode at =50 °C; (b) — (d) EPR spectra observed
from further 82 s scans collected subsequent to reductive electrolysis, with a 6-minute wait before (d).

Representative spectra from the reductive electrolysis of 5a are shown in Figure 6. The spectra for these
three derivatives show a remarkably uniform first signal and similar subsequent evolution of the signals after
electrolysis is halted. The spectra were notably difficult to measure as merely raising the temperature a further
10 °C rendered the primary radicals unobservable. At a temperature of =50 °C the spectrum for the radical anion
5a™ could be observed, but other peaks stemming from decomposition products were already evident on the
first scan (Figure 6a). Subsequent scans of 5a show the radical anion spectrum decaying rapidly with the growth
of peaks stemming from other species (Figure 6b,c). After two or more sequential 82 s scans without additional
electrolysis at —=50°C, the signals became dominated by a five-line pattern with hyperfine splitting (HFS) of 0.51
mT (Figure 6c). After just a few minutes, only the signal for this final, persistent, decomposition product
remained (Figure 6d). The five-line pattern with a 1:2:3:2:1 intensity ratio and a(N) = 0.51 mT and g = 2.0105,
indicates that the decomposition product is almost certainly the stable neutral radical 4-methoxyphenyl-1,2,3,5-
dithiadiazolyl 8a,!**" albeit distorted by a line-width variation caused by slow molecular tumbling at =50 °C of
this known radical.
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(a)
LY

"1

I I I I I I
331 332 333 334 335 336 mT

Figure 7. (a) In situ first derivative EPR spectrum obtained during reductive electrolyses (82 s single scan)
of a 3.14 mM solution 5e at a gold mesh electrode at —50°C in CH,Cl; (0.4 M ["BusN][PF¢]) and modulation
frequency 100 kHz, modulation amplitude = 0.2 mT, and (b) simulation obtained using WinSim v.0.98 23
using the parameters in Table 4. For spectra of 5a™* and 5¢™*, see Supporting Information.

After careful comparison of all spectra, it became possible to distinguish the primary radical signal from
those of the various decomposition species (signal locations indicated by arrows in Figure 7a). There is
remarkable similarity in these signals from e.g. 5a™*, 5¢* and 5e™*, such that within the experimental error
they have identical splitting and intensities. A very good simulation of these signals could be obtained by
using single 3P and *N nuclei and two sets of two *N (experimental and simulation shown for a spectrum
of 5e™" in Figure 7), with Gaussian line shapes indicative of further unresolved splitting (to various *H
nuclei). These simulations are in excellent agreement to the computed HFS values at the UB3LYP/6-
311G+(d,p)//UB3LYP/6-31G(d,p) level of theory on geometry optimized endo-4c™* (Table 4, Figure 8). The
proportionately poorer fit of the 3!P HFS is a known limitation of this DFT method for phosphorus and
indeed for other 3™-period non-metals.?® The line-fitting procedure we used is affected by the presence
of the minor impurity signals, so that simulations taken on different spectra lead to slightly different
results. The similarity of spectra from different species is consistent with the computed 6" SOMO of endo-
4c* (Figure 5d), which is almost identical to that of the LUMO of neutral endo-4c except for the increase
in S-S to 3.036 A due to population with the single electron. That is to say, the spin density is heavily
concentrated on the heterocyclic CN4Ss core of the radical anions and the substituent effects are weak.
With the quality of EPR spectra available in this work further optimization of fits to reliably detect subtle
differences in HFS amongst different 4°and 57" species is not feasible.

Table 4. Experimental and DFT calculated EPR data for free radical 5e".°

line width mT nucleus expt HFS (mT) calcd HFS (mT)®

0.05 31p 0.078 —-0.053
1INy 0.031 —-0.042
1IN, 3 0.256° 0.295
1Ny s 0.341° 0.336

@ The g-value is 2.0098. ® Gas-phase values from UB3LYP/6-311G+(d,p) calculations of 4¢™. ¢ The
assignment of these two nitrogen HFS values depends entirely on the fit to the calculated values.
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2.7. Possible Mechanism for the Decomposition of the Radical Anions

PPh; PPh
4 N
_ . _ N
Ar N :ﬁ-’N\B Ar N.:—_: =N \+
2 A #
475" 3

& 7

Scheme 3. Proposed mechanism for the decay of 4 and 5°°

These interesting EPR data, in conjunction with the electrochemical evidence, suggest that the radical anions
4" and 5 ~° can decompose (Scheme 3) in such a way that the unpaired electron is retained in the carbon-
containing portion of the initial larger ring (which starts off with the higher spin density). It is suggested that the
well-attested 1,3-nitrogen shift reaction would produce the radical anion 37, for which the neutral analogue has
been shown to be an intermediate in the formation of 4 from 5 (see above).> Elimination of the neutral R3P=N—
S=N compound 6 from 3™ may produce 7°°, the unstable radical anion of a dithiatriazine. This will decompose
rapidly to neutral 8°. DFT calculations at the UB3LYP/6-311+G(d,p)//UB3LYP/6-31G(d,p) level of theory indicate
that hyperfine splitting in 7~° (Figure 8) should be dominated by one very large **N term (~1.1 mT); signals marked
by $ in Figure 6b are consistent with this prediction, and in some experiments these peaks predominate shortly
after decay of the radical anions 4 = and 5 ~*. The behavior of trithiatetrazocine radical anions is thus
fundamentally different from that of the symmetrical radical anions [RCN2S:N,CR]™*, C and D1,2, whose first-
order decomposition does not produce any persistent radicals.®® DFT computation at the same level of theory
on 37 predicts a much larger 3P HFS value and predicts spectra that are overall wider than those of 4c ™" and 5™°.
Thus, the signals observed immediately subsequent to electrolysis, marked as # in Figure 6b, could be due to
this radical anion. However, we cannot exclude the possibility that the decomposition of the initially produced
radicals 47° and 5 can proceed by several divergent paths, and that therefore the species responsible for the
signals marked # or $ are due to spin-bearing moieties centred on the iminophosphorane fragments, such as 9™
(Figure 8). In this connection, we recall the evidence from voltammetry that process E{;Z occurs at an RMO that
is iminophosphorane-centred. That may be the intermediate 3™ (Figure 8); alternatively it could be due to
reduction of a dissociated iminophosphorane species such as 6 (see above), producing yet other radicals.**!
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Figure 8. UB3LYP/6-31G(d,p) computed geometries for several radical anions.
3. Experimental Section

The full experimental details for synthesis, spectroscopic and analytical characterizations are provided in the
Supporting Information.

3.3. Crystallography

Details of the crystallographic experiments for 1d, 4a,b,d-f and 5a-f are provided in the Supporting
Information. Tables of crystal and refinement parameters are found in Table S4. Full archival data has been
deposited with the Cambridge Structure Database under deposition numbers CCDC 1581293-1581304.

3.4. Electrochemical Procedures

Voltammetry, SEEPR, bulk electrolysis, and ex situ EPR experiments were conducted as in our previous studies
using the same apparatus, electrodes and so forth except as noted below.® ¥ The potentials for 4 and 5 are
reported versus the operative formal potential, E££+/0' for the ferrocene/ferrocenium redox couple designated
as Fc*/, which was used as an internal standard. In situ EPR experiments (Bruker EMX Plus spectrometer, 9.8
GHz) were conducted on solutions of compounds 5a, 5¢c, and 5e in CH,Cl,/["BusN][PF¢] at temperatures between
—90 and 0 °C using the miniature solution cell described previously.®? Simulations of EPR spectra were
performed with Bruker Simfonia (version 1.25) and WinSim (version 0.98, 2002) softwares.”?”! Spectral
parameters: conversion times = 81.92 s, sweep width = 10.0 mT, modulation amplitude = 0.2 mT.

3.5. Computation

Computational studies were performed with Gaussian 03W version 6.1 at the B3LYP/6-311G+(d,p)//B3LYP/6-
31G(d,p) level of theory for the diamagnetic species and UB3LYP/6-311G+(d,p)//UB3LYP/6-31G(d,p) for the
radical anions.?”? That the reported structures are at least local minima was confirmed by frequency calculations
showing no imaginary frequencies. GaussView 5.0 was used for visualization of structures and molecular
surfaces.

4, Conclusions
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By the combined use of electrochemistry, EPR spectroscopy and hybrid DFT calculations, we have been able
to identify the radical anions of phosphoraniminato-trithiatetrazocines 4~ and 57 for the first time. The spectra
are extremely difficult to obtain, requiring painstaking work within a very narrow accessible temperature
window. Compared to our previous study of the related dithiatetrazocines, 4 and 5 decompose to several
EPR-active species in an apparent cascade process, with the final signal intensity eventually residing in known
stable radical 8°, which is a very logical breakdown product of 47 or 57°. The assignment of the signals from 4™°
and 57° is strongly dependent upon the predictive power that the DFT calculations provide and we were unable
to obtain an ideal EPR spectrum for any example of this radical anion. It is particularly interesting that 4* and 5~
* break down to 8° while neither C* nor D17 produce any persistent radicals upon in-situ electrolysis. For these
latter systems, decomposition of the primary radical leads exclusively to diamagnetic products. Conceivably, it
is the asymmetry in spin distribution of the trithiatetracocinyl that biases towards the generation of 8°. We note
that thermal and photochemical degradation of thiazyl compounds has been demonstrated to produce very
similar types of free radicals./?® Further work on thiazyl-rich compounds is underway in our laboratory. An
investigation of the aromatic heterocycles B presents a particularly interesting target.
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Reduction of the title compounds at -2.0 V vs. Cp,Fe®* forms anion radicals [ArCN,S,;N,SN=PAr's] ~*, identified
for the first time through in-situ EPR spectroelectrochemistry supported by UB3LYP/6-311+G(d,p)//UB3LYP/6-
31G(d,p) hybrid DFT calculations. Even at 223 K in CH,Cl,/["BusN][PF¢] solutions, the initially formed radicals
rapidly decompose to secondary radical products amongst which well-known and stable 1,2,3,5-dithiadiazolyls
ArCN,S;"® could be identified.
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Section S1. Chemical Synthesis
S$1.1. Reagents and General Procedures

Chlorotrimethylsilane, various organic nitriles, sulfuryl chloride, triphenylphosphine and tris(4-
methyloxyphenyl)-phosphine were all obtained commercially (Aldrich). Solvents for synthetic work (CHsCN,
CH,Cl,) were purified using an M.Braun SPS immediately before use. SaN4™, S3NsCl5?, and the cage compounds
1a—f B! were synthesized following literature procedures and characterized by MP and IR spectroscopy. For
electrochemical experiments, CH,Cl, (BDH, reagent grade) was purified by distillation from CaH, under a nitrogen
atmosphere and was purged with dry nitrogen prior to use. Electrochemical grade tetrabutylammonium
hexafluorophosphate ["BusN][PF¢] (Fluka) was used as the supporting electrolyte and was kept in a desiccator
prior to use. Ferrocene (Fc) was sublimed prior to use.

NMR spectra were recorded in CDCl; solutions (*H and *C) on a 300 MHz Bruker Avance Il spectrometer and
are referenced to the solvent residuals, relative to TMS at 0 ppm. Infrared data were collected at RT on a Bruker
Alpha FTIR spectrometer (diamond ATR attachment). Elemental analyses were obtained on an Elementar vario
MICRO-Cube analyzer. Electronic absorption spectra were obtained on a Cary 5000 UV-Vis-NIR
spectrophotometer in 1 cm quartz cuvettes. ESI Mass spectra were determined at the Mass Spectrometry Facility
of the Department of Chemistry, University of Alberta in positive ion mode as CH,Cl, solutions.

51.2. Synthesis

S1.2.1. Synthesis of PhCsH4CN4S3-N=PPh; (4c)

At room temperature, 1.67 g (6.54 mmol) of 1c was mixed with 1.875 g (7.148 mmol) of PPh3 in 50 mL of dry
toluene. The mixture was stirred for a few hours and, as the time passed, the color of the solution turned from
reddish orange to light orange color. After stirring over night, the solvent was removed by rotary evaporator.
The yellow solids were recrystallized in 50/50 mixture of CHsCN and CH,Cl, yielded 2.40 g (70.9% vyield) light
yellow, plate shaped crystals. M.P. (dec.): 172.6-175.3°C. IR (4000-400 region): 1456 (m), 14738 (s), 13678 (s),
1339 (s), 1291 (w), 1170(m), 1115 (s), 1082 (s), 1025 (w), 998 (w), 637 (w), 603 (w), 534 (s), 525 (s), 483 (m), 436
(w) in agreement with the literature.

$1.2.2. Synthesis of PhCsH4CN4S3-N=PPh; (4a)

4a was prepared by the same method as 4c by using 0.515 g (1.96 mmol) of 1a and 0.527 g (1.85 mmol) of
PPhs in 50 mL of distilled toluene. Recrystallization afforded 1.030 g (99.0% yield) of light yellow, needle shaped
crystals. M.P. (dec.) 174.2-175.5°C. IR (4000-400 region): 1615 (s), 1516 (w), 1490 (w), 1439 (s), 1360 (vs), 1307
(m) ,1254 (s), 1172 (s), 1115 (vs), 1087 (s), 1029 (s), 998 (w), 919 (vs), 889 (s), 843 (w), 792 (s), 721 (s), 693 (s),
596 (m), 525 (s), 501 (m), 446 (s). Mass spec. m/Z (high res. ESI): 548.07905 (548.07969 cal.). Anal calc. for
C26H22Ns0OPS;5-0.60CH,Cly: C 53.37, H 3.91, N 11.70%, found: C 53.55, H 3.72, N 11.95% (X-ray crystallography
confirms the nominal 1:1 ratio of 4a:CH,Cl, and confirms partial solvent depletion.

$1.2.3. Synthesis of p-CH3CsH4sCN4S3-N=PPh; (4b)

4b was prepared by the same method as 4c by using 1.0185 g (3.781 mmol) of 1b and 0.778 g (2.97 mmol) of
PPhs in 50 mL of distilled toluene. Recrystallization afforded 1.022 g (64.8% vyield) of light yellow plate shaped
crystals. M.P. (dec.) 170.4-172.4°C. IR (4000-400 region): 1678 (w), 1463 (w), 1483 (m), 1437 (s), 1359 (s), 1342
(s), 1216 (m), 1178 (s), 1148 (s), 1116 (s), 1087 (s), 1026 (m), 988 (w), 918 (vs), 888 (s), 832 (m), 791 (s), 782 (s),
773 (s), 693 (s), 676 (m), 605 (m), 536 (s), 520 (s), 488 (m), 463 (s). Mass spec. m/Z (high res. ESI): 532.08482
(532.08478 cal.). Anal calc. for C;6H2,NsS3P: C58.74, H4.17, N 13.17%, found: C 58.82, H 4.30, N 12.90%.
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3.2.4. Synthesis of p-CICsH4CN4S3-N=PPhs (4d)

4d was prepared by the same method as 4c by using 0.409 g (1.41 mmol) of 1d and 0.377 g (1.44 mmol) of
PPhs in 50 mL of distilled toluene. Recrystallization afforded 0.73 g (80.7% yield) of light yellow, plate shaped
crystals. M.P. (dec.): 167.4-169.2°C. IR (4000-400 region): 1592 (m), 1574 (w), 1483 (s), 1437 (s), 1409 (s), 1350
(s), 1290 (w), 1170 (m), 1150 (vs), 1116 (vs), 1026 (w), 1016 (m), 996 (w), 917 (vs), 885 (s), 840(s), 818 (w), 786
(vs), 7636 (s), 752 (s), 719 (s), 695 (s), 658 (s), 631 (m), 616 (m), 604 (s), 537 (s), 523 (s), 498 (s), 482 (m), 449 (s).
Mass spec. m/Z (high res. ESI): 552.03047 (552.03015 cal.). Anal calc. for C2sH19NsS3PCl: C54.39, H 3.47, N 12.69%,
found: C54.12, H3.70, N 12.43%.

$1.2.5. Synthesis of m-CH3C¢H4CN4S3-N=PPh; (4e)

4e was prepared by the same method as 4c by using 0.4089 g (1.255 mmol) of 1e and 0.3983 g (1.518 mmol)
of PPhs in 50 mL of distilled toluene. Recrystallization afforded 0.5254 g (70.9% yield) of yellow or orange, block
shaped crystals. M.P. (dec.): 152.1-155.4°C. IR (4000-400 region): 1439 (m), 1366 (s), 1349 (m), 1315 (s), 1273 (s),
1169 (s), 1115 (vs), 1090 (s), 1069 (s), 1027 (w), 998 (w), 931 (s), 913 (s), 788 (s), 766 (w), 754 (m), 723 (s), 691
(s), 708 (m), 691 (s), 679 (m), 627 (w), 624 (w), 608 (w), 536 (m), 523 (s), 498 (w), 470 (m). Mass spec. m/Z (high
res. ESI): 586.05771 (586.05651 cal.). Anal calc. for C36H19NsSsPFs: C 53.32, H 3.27, N 11.96%, found: C 52.89, H
3.43, N 12.06%.

S1.2.6. Synthesis of p-CF3C¢H4sCN4S3-N=PPh; (4f)

4f was prepared by the same method as 4c¢ by using 0.199 g (0.613 mmol) of 1f and 0.162 g (0.618 mmol) of
PPhs in 50 mL of distilled toluene. Recrystallization affording 0.250 g (69.6% yield) of orange, plate shaped
crystals. M.P. (dec.) 157.4-159.4°C. IR (4000-400 region): 1439 (w), 1419 (m), 1366 (w), 1319 (vs), 1171 (m), 1114
(vs), 1065 (s), 1016 (w), 929 (s), 887 (w), 855 (w), 783 (m), 751 (w), 723 (m), 694 (m), 686 (m), 603 (w), 534 (w),
524 (m), 524 (m), 494 (w), 471 (w). Mass spec. m/Z (high res. ESI): 586.05650 (586.05651 cal.). Anal calc. for
Ca6H19NsS3PF3: € 53.32, H 3.27, N 11.96%, found: C 53.12, H 3.65, N 11.86%.

$1.2.7. Synthesis of p-OCH3CsH4CN4S3-N=P(p-OCH3CsH,)s (5a)

5a was prepared by the same method as 4c by using 0.198 g (0.622 mmol) of 1a and 0.210 g (0.596 mmol) of
P(p-OCH3C¢Ha)s in 25 mL of distilled toluene. Recrystallization afforded 0.270 g (71.3% yield) of light yellow, plate
shaped crystals. M.P. (dec.): 162.7-166.7°C. IR (4000-400 region): 1595 (s), 1568 (m), 1502 (s), 1452 (m), 1406
(m), 1359 (s), 1303 (s), 1291 (s), 1261 (s), 1178 (s), 1115 (vs), 1058 (s), 1027 (s), 921 (vs), 889 (m), 836 (s), 804 (s),
782 (s), 664 (m), 621 (m), 586 (m), 541 (s), 446 (s). Mass spec. m/Z (high res. ESI): 638.11109 (638.11139 cal.).
Anal calc. for C;9H28NsS3PO4: C 54.62, H 4.43, N 10.98%, found: C 54.75, H 4.22, N 11.05 %.

$1.2.8. Synthesis of p-CH3CsH4CN4S3-N=P(p-OCHsCgH4)3 (5b)

5b was prepared by the same method as 4c by using 0.508 g (1.88 mmol) of 1b and 0.684 g (1.94 mmol) of
P(p-OCH3C¢Ha)s in 25 mL of distilled toluene. Recrystallization afforded 1.145 g (98.0% vyield) of yellow, plate
shaped crystals. M.P. (dec.): 171.6-172.8°C. IR (4000-400 region): 1595 (s), 1569 (s), 1502 (s), 1457 (m), 1439 (m),
1409 (m), 1357 (s), 1308 (s), 1260 (s), 1178 (s), 1115 (vs), 1081 (s), 1023 (s), 918 (vs), 887 (s), 826 (s), 803 (s), 780
(s), 726 (m), 668 (m), 620 (m), 637 (s), 450 (s). Mass spec. m/Z (high res. ESI): 622.11657 (622.11647 cal.). Anal
calc. for C9H2sNsS3P0O5: € 56.02, H 4.54, N 11.26%, found: C 55.76, H 4.48, N 11.39%.

$1.2.9. Synthesis of PhCsH4CN4S3-N=P(p-OCH3CsHa)s (5¢)

5c was prepared by the same method as 4c by using 0.161 g (0.628 mmol) of 1c and 0.216 g (0.613 mmol) of
P(p-OCH3CgHa4)s in 50 mL of distilled toluene. Recrystallization afforded 0.280 g (75.1% vyield) of orange, plate
shaped crystals. M.P. (dec.): 165.8-168.7°C. IR (4000-400 region): 1595 (s), 1570 (w), 1502 (s), 1453 (w), 1409
(w), 1355 (m), 1345 (m), 1260 (s), 1179 (m), 1115 (vs), 1088 (m), 1023 (m), 882 (s), 829 (m), 804 (m), 780 (m),
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699 (w), 674 (w), 624 (w), 590 (w), 541 (w), 483 (w), 441 (w). Mass spec. m/Z (high res. ESI):608.10067 (608.10082
cal.). Anal calc. for CasH26NsS3POs: C 55.34, H 4.31, N 11.52%, found: C 55.60, H 4.20, N 11.43%.

$1.2.10. Synthesis of p-CICsH4CN4S3-N=P(p-OCH3CsH.)3 (5d)

5d was prepared by the same method as 4c by using 0.160 g (0.550 mmol) of 1d and 0.206 g (0.585 mmol) of
P(p-OCH3CeH.)s in 50 mL of distilled toluene. Recrystallization afforded 0.240 g (67.9% yield) of light orange, plate
shape crystals. M.P. (dec.): 151.4-152.3°C. IR (4000-400 region): 1591 (v)s, 1565 (m), 1512 (s), 1409 (m), 1353 (s),
1308 (m), 1260 (s), 1180 (m), 1115 (vs), 1089 (s), 1024 (m), 924 (vs), 887 (w), 828 (s), 804 (s), 781 (s), 700 (m),
666 (M), 623 (w), 538 (s), 448 (s). Mass spec. m/Z (high res. ESI): 642.06170 (642.06185 cal.). Anal calcd for
Ca28H25NsS3POsCl: € 52.37, H3.92, N 10.91%, found: C52.17, H 3.96, N 11.04%.

$1.2.11. Synthesis of m-CF3CsHaCN4S3-N=P(p-OCH3CsHa)s (5€)

5e was prepared by the same method as 4c by using 0.486 g (1.50 mmol) of 1e and 0.558 g (1.58 mmol) of
P(p-OCH3CgHa4)s in 25 mL of distilled toluene. Recrystallization afforded 0.917 g (90.3% vyield) of pale yellow,
needle shape crystals. M.P. (dec.): 175.3-176.1°C. IR (4000-400 region): 1595 (s), 1586 (w), 1503 (s), 1452 (w),
1365 (s), 1317 (s), 1259 (s), 1174 (m), 1117 (vs), 1025 (m),932 (m), 913 (m), 834 (w), 804 (s), 785 (m), 695 (w),
625 (w), 541 (m), 470 (w). Mass spec. m/Z (high res. ESI): 676.08822 (676.08821 cal.). Anal calc. for
C29H25NsS3POsF3: € 51.54, H 3.73, N 10.37%, found: C51.38, H 3.81, N 10.27%.

$1.2.12. Synthesis of p-CF3C¢H4CN4S3-N=P(p-OCH3CsH4)s3 (5f)

5f was prepared by the same method as 4c by using 0.198 g (0.612 mmol) of 1f and 0.214 g (0.607 mmol) of
(p-OCH3CgH4)3 in 30 mL of distilled toluene. Recrystallization afforded 0.410 g (99.8% vyield) of orange, block
shaped crystals. M.P. (dec.): 160.6-162.8°C. IR (4000-400 region): 1596 (s), 1568 (m), 1502 (s), 1452 (w), 1419
(m), 1396 (w), 1322 (s), 1298 (s), 1259 (s), 1180 (s), 1120 (vs), 1066 (m), 1067 (m), 1049 (s), 925 (vs), 885 (w), 833
(m), 804 (m), 781 (s), 668 (w), 623 (w), 535 (m), 472 (w). Mass spec. m/Z (high res. ESI): 676.08817 (676.08821
cal.). Anal calc. for C;H25NsS3POsF3: C 51.54, H 3.73, N 10.37%, found: C51.72, H 3.94, N 10.30%.

Section S2. *'H NMR Characterization

The H NMR chemical shifts (Table S1) are those that are expected for the substitution patterns that are
present. Thus, the ortho and meta H atoms of the 4-CHs0CgsH, rings show the expected 3J(P,H) and *J(P,H) values
of 12 Hz and 2 Hz reflecting the greater distance to the phosphorus for meta H nuclei. These phosphine ring shifts
are invariant for 4 and 5. The chemical shifts of the RCsH4C groups are typical for a combination of the
substituents R and the effect of the thiazyl heterocycle. The latter acts as a strongly electron-withdrawing
substituent on the di-substituted benzene ring. Thus, the chemical shifts of Hz and Hs are found at high frequency
(7.92-8.28 ppm), values similar to those seen for other neutral thiazyl heterocycles ©* and with no evident effect
by a change in the phosphine. Similar shifts have been reported previously by Knapp ® for CF3CN4S3sNPPh; (5 =
7.47-7.69 (m, CsHs)), Me2aNCN4SsNPPhs (6 = 2.85 (s, 6H, CHs), 7.34-7.69 (m, 15H, CeHs)), and CF3CN4SsNAsPh; (8
= 7.50-7.70 (m, C¢Hs)). Other comparative parameters are for CF3/PPhs: 3'P § = 23.8 (s, PPhs); 1°F 6 = -71.4. For
CFs/AsPhs: F § = -70.9 (s, exo-form), =71.3 (s, endo-form), -75.3 (s,). For Me;N/PPhs: 3P § = 19.8 (s, PPhs).

Table S1. *H and *°F NMR data for 4 and 5. @

Hy H, N N Hg H7
et
RNy
S )
R.Hy Hs
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H1 Hz H6 H7

Ju 6 Ju R ) JH Jp 6 Jp
4a 798 8.7 673 87 3.77 7.36-7.58 m"*
4b 791 81 7.03 81 2.29 7.38-7.58 m"*
4c 800 75 725 75 7.43 7.22-745m?"
4d 792 69 717 6.9 — 7.18-7.57m?"
4e¢ 815 7.6 731t 7.6 -61.657 7.35-7.60m?*
af 806 81 7.44 81 -61.99 7 7.38-7.63m?"
5a 789 84 674 84 3.77 7.32 8.4 12 6.85 1.8
5b 791 81 7.05 8.1 2.30 7.32 8.7 12 6.84 2.1
5c 800 75 725 75 7.41 7.32 8.7 12 6.84 2.1
5d 793 87 721 8.7 — 7.32 87 124 6.85 2.4
5e¢ 815 7.8 732t 79 -61.517 7.31 8.7 12 6.86 2.4
5f 808 81 7.48 8.1 -61.527 7.30 87 124 6.84 2.1

?Versus TMS, § in ppm and J in Hz. R’ (4g-1) = 3.84 + 0.01. ® Phosphine phenyl ring protons are not resolvable
for the PPhs group in 4a—f. “H3 = 7.52, d Jy = 7.6; Hs = 8.28 s. @ For CF3 groups, §(*°F) relative to external CFCls. €
H;=7.54,dJy=7.9; Hs =8.31s.

Section S3. 3C NMR Characterization

Table S2. 3C NMR data for 4 and 5 & (ppm) vs. TMS and J(Hz) for coupling to 3P or *°F.@

N 7 29
SRN\ NS 10
N_ ] N 61 X
\s/
c1 2 c3 c4 cs c6 c7 cs8 9 c10 c11 X R’
5/ 6/ 5/ 65/ ) ) ) ) 6/ 6/ 5/ 5/ )
4a 127.24 13291 12905 133.00 179.36 127.28 13230 113.49 162.23 — — 5552 —
101.3 105 135 2.3
4b 127.18 132.89 129.03 132.99 179.88 141.98 130.47 12895 131.87 — — 2167 —
100.5  11.3  12.8 3
4c  127.16 132.00 129.09 133.04 179.63 13453 13043 12820 13158 - — - -
100.5 105 128 3
4d 127.06 132.00 129.09 133.15 17852 137.56 131.62 12838 133.07 - — - -
101.3 105  12.8  2.25
de 12691 132.80 129.09 133.20 178.04 13532 133.4 128.64 127.91 130.62 127.13 123.98 —
101.3 105 128 3 325 323 273.3
4f 126.98 132.83 129.09 13221 178.03 13337 1305 125.03 132.77 — — 12400 —
101.3 105 128 3 38 315 271.5
5a 118.84 13472 11453 163.09 179.25 127.47 13227 11345 162.27 - — 5539 55.59
1088 120 135 2.3
5b 118.83 13472 11452 163.12 179.90 132.09 13047 12890 141.75 - — 2166 55.59
108.75 120  12.8 3
5¢ 11844 13472 11455 163.13 179.63 13516 130.43 13137 128.17 - — — 5563
1088 120 143 3
5d 118.65 13470 11457 163.24 177.79 137.36 12836 131.68 133.34 — — — 5565
1088 1088  12.8 3
Se 11840 13460 11456 163.25 177.78 13550 133.45 12866 127.7 13050 127.10 124.10 55.62
1088 120 14.25 3 38 323 3.8 270.8
5f 118.01 134.68 11460 163.28 179.75 135.60 130.56 124.99 128.31 — — 12425 5561
1347 120 135 3 38 338 271.0

@ Atom numbering scheme for the table is given in the diagram above. ? Coupling to *°F.
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The 3C NMR parameters (Table S2) are extremely consistent for this series of molecules, and are fully in
agreement with data previously reported by Knapp et al. for CFsCN4S3sNPPhs and Me;NCN,SsNPPhs.!®! Noteworthy
is the systematic pattern of coupling constants to both 3!P and F as a function of the distance of the nucleus
from the heteroatom. Also of significance is the chemical shift of the endocylic RC carbon which is 178—-179 ppm
for all these derivatives and may be compared to the distinct values determined for dithiatetrazocines in different
conformers: for planar derivatives of the latter with aryl substituents, 6(RC) is 137-138 ppm, for the bis-'Bu
derivative, 8(RC) = 144.8 ppm, but for the bent Me;N and ‘BuMeN derivatives 6(RC) is 179-180 pm. Thus, the
chemical shift of this carbon is characteristic of the bent structural form in all derivatives of 4, and confirms that
the conformation found in the solid state (vide infra) is also retained in solution for this series of compounds.

Section S4. Solution speciation and Electrospray Mass Spectroscopy

Only in the case of 5d was evidence obtained for the existence of 3d in solution by 3P NMR (& = 26 ppm).
However, the presence of a small amount of the latter species could be ascertained for most of these
compounds by making use of UV-vis absorption spectroscopy.

UV-vis Electronic Absorption Spectroscopy

Whereas in the spectra of 4 and 5, the pale yellow-orange colours are due to a strong UV band that tails into
the blue region of the visible spectrum, distinct peaks are observed for a minor component (very week

absorbance) in CH,Cl; solutions.

Table S3. Electronic absorption spectroscopic data in solutions of 4 and 5
Compound  Amax, NM

4a —
4b 481.4
4c 480.0
4d —
4e 481
af 481
5a —
5b 480
5c —
5d 480
S5e 480
5f 479.1

These results are all very similar and speak to a chromophore that is well-removed from substituent effects.
Based on earlier reports on 4c, these absorptions, which are the direct complement to red, are caused by the
presence of a very small amount of 3 in equilibrium with the endo isomers of 4 and 5 in solution. The much higher
sensitivity of electronic absorption spectroscopy can detect these components even when they are not easily
observable by NMR spectroscopy.

Electrospray Mass Spectroscopy

When conventional mass spec on a heated probe failed, recourse was made to using Electrospray lonization
from dichloromethane solutions. The results (Table S3) uniquely identify all the parent ions and identify
fragments under these conditions to be of the type R3PN,SH* and RsPNH,".
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Table S4. Electrospray mass spectral results

PR; CsHaX Conditions Parent Found Calc Error Fragl Fragl Frag2 Frag2
species (ppm) mass identity mass identity

PPh; CH3 DCM soln; EtOH MH+ 532.08482 532.08478 0.1 323.1 Ph3PN,SH+ 278.1 PhsNHy+
carrier

PPh; cl DCM soln; MH+ 552.03047 552.03015 0.6 323.1 PhsPN,SH+ 278.1 PhsNHy+
MeNO; carrier

PPh; OCH; DCM soln; EtOH MH+ 548.07905 548.07969 -1.2 323.1 PhsPN,SH+ 278.1 PhsNHy+
carrier

PPh; p-CF3 DCM soln; EtOH MH+ 586.05650 586.05651 0 323.1 PhsPN,SH+ 278.1 PhsNHy+
carrier

PPh; m-CF; DCM soln; MH+ 586.05771 586.05651 2 323.1 Ph3PN,SH+ 278.1 PhsNHy+
MeNO; carrier

P(CsHsOMe); H DCM soln; EtOH MH+ 608.10067 608.10082 -0.2 413.1 R3sPN,SH+ 368.1 PhsNHy+
carrier

P(CsHsOMe); CH3 DCM soln; MH+ 622.11657 622.11647 0.2 413.1 RPN SH+ 368.1 R3NH+
MeNO; carrier

P(CsHsOMe); Cl DCM soln; MH+ 642.06170 642.06185 -0.2 413.1 RPN SH+ 368.1 R3NH+
MeNO; carrier

P(CsHsOMe)s OCHs DCM soln; MH+ 638.11109 638.11139 -0.5 413.1 RPN SH+ 368.1 R3NH+
MeNO; carrier

P(C¢HsOMe);  p-CFs DCM soln; MH+ 676.08817 676.08821 -0.1 413.1 RPN SH+ 368.1 R3NH+
MeNO; carrier

P(CsHsOMe); m-CF; DCM soln; MH+ 676.08822 676.08821 0 413.1 R3PN,SH+ 368.1 R3NH+

MeNO; carrier
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Section S4. Single-Crystal X-ray Diffraction Studies
S4.1  Experimental

Crystals were selected and mounted in Paratone™ on the ends of thin glass fibers and cooled on the
goniometer head to —100°C with the Bruker low-temperature accessory attached to the Bruker APPEX-II
diffractometer. Mo Ka radiation (A = 0.71073 A) was used throughout. Multi-scan absorption corrections were
applied to all the data sets, and refinement was conducted with full-matrix least-squares on F? using SHELXTL
6.14. During refinement of the structure model for 4a there was strong evidence for the presence of a disordered
solvent molecule — apparently CH,Cl, — within the lattice. The solvent void volume of 286 A® detected by Platon
in the final model is consistent with this (see also Figure S2b). After failing to find a reasonable model, the
electron density due to the solvent was removed using the PLATON “Squeeze” function; thereafter refinement
of a disorder model succeeded for 8 of the 24 molecules that are located on a mirror plane perpendicular to the
a axis. The methoxy methyl group and one phenyl ring (C10A-C15D) lack the mirror symmetry of the site and are
thus half-occupied; moreover, the twisted phenyl rings mesh with the methoxy methyl groups which leads to
false apparent short contacts between these entities. In the final cycle of least squares refinement, the largest
peak with almost 1.0 e/A3 reflects a small amount of the residual solvent electron density that was not fully
removed by “Squeeze”. For the rest, this is a very successful disorder refinement.

The structure of 4e has two independent but chemically identical molecules per equivalent position. Both
display evidence of CF; rotational disorder. The major components are well behaved and are present in refined
occupancies of 67 and 74%, respectively. Further details are provided in electronic supplementary materials. The
structure of 4f also has two independent molecules per equivalent position, which also show evidence for CF;
rotational disorder. Here too the main components refine anisotropically as well-defined groups with
occupancies of 90 and 82%, respectively. The minor rotational components were refined isotropically.

The structure of 5e displayed a less-common type of disorder in which the 3-CFsCgH, ring is twisted about the
exocyclic C2—C1 bond with two fairly well defined limiting positions with about 15° dihedral between mean aryl
planes and refined occupancies of 53 and 47%. The major component has very reasonable geometry and thermal
displacement parameters (all refined anisotropically); the second component has noticeably higher thermal
displacement indicative of a higher degree of "twisting" motion for this component. RIGU and SIMU restraints
as well as selected use of EADP was required to restrain this model, but then refinement went to convergence.
The full disorder model is shown in Figure S12. By contrast, the CF; group in 5f is rotationally disordered in typical
fashion. A simple two-part restrained model with refined occupancies of 71 and 29% and offset between
rotamers of only 28° provided a very satisfactory resolution.
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Table S5a. Crystal, Data Collection and Structure Refinement

Compound ! 4a? 4b 4d 4e af 5a
empirical formula Ca6 H21N50PS3 Ca6H22NsPS;3 Ca5H19CINsPS3 Ca6H19F3N5PS3 Ca6H19F3NsPS3 Ca9H28Ns504PS3
FW 546.63 531.64 552.05 585.61 585.61 637.71
cryst. size (mm) 0.25x0.12x 0.10 0.19x0.11x 0.09 0.19x0.12x0.06 0.23x0.20x0.18 0.20x0.16x0.02 0.15x0.13 x0.05
crystal color Yellow Yellow Yellow Yellow Orange Orange
temperature (K) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
space group Cmce P1 P1 P2./c P1 P1
a (A) 37.0224(18) 9.4077(5) 9.3884(5) 19.8664(19) 9.6633(9) 9.9094(6)
b (A) 18.9806(9) 10.8007(6) 10.7922(6) 14.3630(13) 13.6006(12) 10.2435(6)
c (A) 24.6031(12) 13.1819(7) 13.1399(7) 19.1773(18) 21.1803(19) 15.3755(9)
a (%) 82.7850(10) 83.0240(10) 101.2900(10) 88.4930(10)
B(°) 74.1550(10) 73.9700(10) 107.4530(10) 96.9340(10) 82.7640(10)
v () 85.6540(10) 85.5820(10) 105.4070(10) 77.9830(10)
volume (A3) 17288.8(14) 1277.11(12) 1268.79(12) 5220.2(8) 2587.4(4) 1514.36(16)
z 24 2 2 8 4 2
z 1.5 1 1 2 2 1
Dealc (g/cm3) 1.260 1.383 1.445 1.490 1.503 1.399
§(mm™ 0.340 0.378 0.486 0.394 0.397 0.341
20 max (°) 28.80 28.76 28.77 27.10 28.23 28.75
refl. collected 99820 15102 15006 56192 30948 17895
indep. refl. 11048 6077 6029 11536 12263 7185
Rint 0.0355 0.0155 0.0149 0.0238 0.0409 0.0153
completeness (%) 99.8 99.3 99.8 100 99.7 99.5
restraints 0 0 0 756 720 342
parameters 531 317 145 747 733 383
R1, wR2 0.0406,0.1180  0.0320,0.0840  0.0299,0.0812 0.0306,0.0863 0.0462,0.1124  0.0307, 0.0841
GOF 1.011 1.028 1.046 1.025 1.022 1.046

1Semi-empirical Absorption corrections from equivalents applied to all data sets.

224 CH,Cl, solvent molecules of which 8 disordered at m have been removed from the model and data using Platon 'squeeze’.
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Table S5b. Crystal, Data Collection and Structure Refinement

Compound ! 5b 5¢c 5d S5e 5f 1d
empirical formula C29H28N503PS3 C28H26N503P53 C28H25C|N503P53 C29H25F3N503PS3 C29H25F3 N503PS3 C7H4C| N5$3
FW 621.71 607.69 642.13 675.69 675.69 289.78
cryst. size (mm) 0.15x0.10x0.10  0.20x0.10x0.09  0.25x0.24x0.23  0.23x0.06x0.04 0.20x0.17x0.13  0.24x0.08x0.06
crystal color Yellow Pink Orange Colorless Colorless Yellow
temperature (K) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
space group P2:/n P2:/n P2:/n Pbca P1 P1
a (A) 14.781(3) 9.5261(5) 9.4541(5) 9.4711(6) 9.6116(14) 4.6767(7)
b (A) 13.157(3) 13.5974(8) 14.1671(8) 23.6565(15) 10.8670(15) 10.2525(14)
c (&) 16.036(3) 21.4462(12) 21.6329(13) 27.4470(17) 14.743(2) 11.4772(16)
a () 91.513(2) 64.9990(10)
B () 112.919(2) 91.0700(10) 90.7260(10) 90.885(2) 86.7620(10)
V() 105.349(2) 81.7800(10)
vol. (A3) 2872.3(10) 2777.4(3) 2897.2(3) 6149.6(7) 1484.1(4) 493.62(12)
7 4 4 4 8 2 2
Z' 1 1 1 1 1 1
Dealc (g/cm?3) 1.438 1.453 1.472 1.460 1.512 1.950
fu (mm2 0.355 0.366 0.444 0.352 0.365 0.995
20max (°) 2.07 to 27.86 1.77 t0 28.78 1.72 t0 28.89 1.72 t0 26.52 1.94 t0 28.70 1.96 to 29.08
refl. collected 31719 32037 33470 62598 17172 6011
indep. refl. 6746 6672 7108 6368 6993 2431
Rint 0.0632 0.0256 0.0157 0.0636 0.0243 0.0259
completeness (%) 100 99.5 99.7 99.8 99.4 99.8
restraints 0 0 0 734 531 0
parameters 374 364 373 470 437 145
R1, wR2 0.0597,0.1980 0.03304,0.0907 0.0330, 0.0949 0.0395, 0.0984 0.0357, 0.0946 0.0236, 0.0711
GOF 1.047 1.029 1.023 1.017 1.000 1.086

1Semi-empirical Absorption corrections from equivalents applied to all data sets.

$4.2

S4.2.1 Crystal and molecular structure of 1d

Full descriptions of crystal and molecular structures

The crystal structure of 1d in common with many such RCNsSs bicyclic cage molecules shows strong

intermolecular contacts. By virtue of the P1 crystal symmetry (with Z = 2) the structure of 1d is highly regular.
There are short $(5*)---N(87) contacts forming a trapezoid of ring N5 — $3 (1.524 A) and cross-ring N5 — S3' (3.237
R) contacts that align the S3N, planes of neighboring atoms into infinite co-planar sheets. There are also short
contacts between the apical N3 with both $3' (2.918 A) and C1' (3.104 A) on neighbors that lead to a "nesting"
stack of bent CN4Ss units along a lattice vector. This packing motif (Figure S1) is identical to that found for the

isostructural 4-cyanophenyl derivative ! and highly similar to that observed for the directly-bound 7-CF;

derivative,®although this latter structure adopts a different space group.
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Figure S1. Crystal packing interactions within the solid-state structure of 1d.

S4.2.3. Crystal and molecular structures of 4a

While the molecular geometries of 4 are highly similar across the series, there is considerably variation in
the crystal packing and in particular with regard to intermolecular contacts involving thiazyl rings. In addition to
the 9 TTTA derivatives reported here there are ten others in the literature. Across these 19 structures, 9 show
general short contacts (/) with no apparent pattern. Four of them form centrosymmetric trans-cofacial
arrangements (/) of the ArCN,S, ring components. Two have short & (N)---:6*(S) contacts with a trans-cofacial
arrangements (/ll) of the SsN2 component of the rings, while four contain short S-:- S contacts via single sulfur
atoms on two molecules (/V).

Several data sets were collected on crystals of 4a grown from the usual mixture of CH,Cl, and CHsCN, but all
crystals investigated seemed to contain the same disordered molecules in the orthorhombic space group Cmce
(with Z = 24, 16 ordered and 8 disordered about the mirror plane perpendicular to the a axis, Figure S2, with
semi-occupancy of the methoxy methyl groups and one of the phosphine phenyl rings). The disorder model is
well behaved and has been fully refined; it does not cast any doubt upon the conformation adopted by the
substituent and both independent molecules are clearly endo-anti. This structure is also quite interesting in that
neither molecule displays any significant short contacts involving the thiazyl linkages. A close analysis of both
geometry and thermal displacement parameters shows that the molecule on the mirror plane shows possible
distortions resulting from the disorder, especially for the phosphine phenyl rings; hence all geometric
comparisons of 4a will be limited to the ordered molecule. For a view of the disordered atoms see Figure S2. The
atom numbering scheme for the non-hydrogen atoms is provided on the Figure. The packing arrangement is of
type I (general).

Disordered CH,Cl; of crystallization were removed from the e.d. map using the PLATON “squeeze” utility
before refinement could be completed. Apparent contacts shorter than the sum of the v.d.Waals radii that
involve interactions between the disordered phosphine phenyl ring atom C12A and aryl methoxy carbon C8A on
adjacent molecules are an artifact of the disorder across the mirror. Figure S2b depicts a packing diagram of the
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unit cell with the void spaces occupied by the solvent molecules. Amongst the eleven TTTA iminophosphorane
adducts reported in this work, only 4a crystallizes with solvent molecules in the lattice.

Figure S2. (a) A thermal ellipsoids plot (Mercury 2.0, 50% probability) of the structure of 4a in the crystal viewed
such that the basal bc plane bisects the r.h.s molecule through O1A, C1A, N1A and P1A. There are 1.5 molecules
per equivalent position. The transannular S-::S contact for the ordered molecule shown at left (52:::S3) = 2.431
A, while that of the one disordered about the crystallographic mirror plane shown at right (S2A---S2A") = 2.421 A.
(b) Packing diagram showing the voids occupied by 24 CH,Cl, molecules in the unit cell.

S4.2.3. Crystal and molecular structures of isostructural 4b and 4d

The structures of 4b and the isostructural 4d contain short contacts of type //, forming centrosymmetric
dimers via the CN,S; segment of the TTTA rings (Figure S3). For these two cases it is the endocyclic C atoms C1
that form the shortest contacts with sulfur atoms S3 at 3.365 A so that it is the CN,S; half of the heterocycle that
is involved in this lattice interaction. These interactions are likely to be electrostatic in nature between 6 N-C-
N and 6" S atoms. A weaker secondary contact connects S2 to phosphine ring carbon C33 on an adjacent molecule
at 3.455 A. The heterocycle conformation here is indisputably endo-anti. In the molecular structure of 4b, the
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transannular S-S contact = 2.4325(6) A, while the short intermolecular C-+-S contact = 3.365 A. In isostructural
4d, with Cl atoms in the place of the 4-CHs groups of 4b (same atom numbering sequence is used for both), the
S-S contact = 2.433(6) A, while the short C--S contact = 3.344 A.

Figure S3. Displacement ellipsoids plot (Mercury, 40% probability) of the structure of 4b in the crystal, depicting
the trans-cofacial arrangement of two CN,S; ring portions. Isostructural 4d is not depicted (but see the main
article)

S4.2.4. Crystal and molecular structures of 4e

The Z' = 2 structure of 4e shows minor rotational disorders in the CF3 groups (see experimental) and shows
no short-contacts involving the thiazyl rings, but there are short links between F4A of one of the two independent
molecules per equivalent position and phenyl ring carbon C4 (3.124 A) on the other (Figure S4). These contacts
are best explained as being due to packing effects that in this structure seem to allow the molecular shapes to
pack together as closely as possible. The two transannular S-S contacts are 2.434 and 2.439 A; the average
transannular S-S distance is 2.437(1) A.

Figure S4. A thermal ellipsoids plot (Mercury 2.0, 50% probability) of the structure of 4e in the crystal. There are
two independent molecules in the unit cell, weakly linked by the indicated short C4---F4A contacts at 3.124 A.
Only the main rotamers of the disordered CF; groups are shown (67% occupancy for F1A-F3A, 74% for F4-F6A).
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S4.2.5. Crystal and molecular structures of 4f

The structure of 4f in the crystal (Figure S5) also involves two atoms per equivalent position but the space
group is different than in the case of 4e. The "B" molecule (S4-S6 etc; transannular S-S contact = 2.415(1) A) is
involved in a centrosymmetric dimer relationship via short contacts between S6, N10, and C41, atoms that are
part of the CN,S, component of the heterocycle: C---S, 3.353; N---S, 3.332 A (Figure S5, left). This is very similar to
that seen for 4b,d except for the additional involvement of a nitrogen atom in the interaction. For the “A”
molecules (i.e. those with the lower-digit atom labels; intra-ring S--S = 2.418(1) A) there are short $3---C33
contacts of 3.401 A forming an infinite chain and centrosymmetric N3---C24 (phosphine ring) contacts of 3.125 A
that doubles the chain to a ribbon.

Figure S5. A displacement ellipsoids plot (Mercury, 40% probability) of the structure of 4f in the crystal. The "B"
molecules are centrosymmetrically paired via the CN,S, rings through both S--C = 3.353 and S--N = 3.332 A
contacts. The "A" molecules have general short contact in the lattice. Only the major rotamers for the disordered
CF; groups are shown in the diagram.

S4.2.6. Orientation of the ArsPN units w.r.t. the TTA rings

Three major orientations of the ArsPN groups w.r.t. the TTTA rings can be detected. In the solid structures of
4b,d,e, one ArP ring is oriented (Figure S6) above the ArCN,S.... ring in an approximate m-stacking orientation.
The second and most common orientation (Figure S7) has one of the ArP rings approximately perpendicular to
the ArCN,S,... portion to induce an intramolecular aryl-ring "T" interaction. It is found for 4a (ordered), 4f, 5a,
5b, 5¢, 5d and 5f. A third orientation in the molecule in 4a that is located at a mirror plane and 5e have two ArP
rings perpendicularly held out in a welcome gesture (Figure S8) or embrace. No specific interaction with the
thiazyl rings can be noted for this third motif. In 4a the two rings "embrace" if anything the solvent molecules
(CH.CL,). In 5e, the "embrace" is directed to the unsubstituted edge of the mCF3-phenyl ring of a neighbouring
molecule in the unit cell. These intramolecular interactions are difficult to distinguish from others with
neighbouring molecules. At RT in the solution phase NMR, there is no evidence of any persistent preferred
orientations and the ArsP groups display rotationally equivalent signals.
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Figure S8. Conformations of the PhsP=N groups w.r.t. the ArCNsS; rings in 4a & 5e

S4.2.7 Crystal and molecular structures of 5a

The structure of 5ain the lattice (Figure S9) is the first in this series to show a centrosymmetric dimer through
four co-facial sulfur and nitrogen atoms of the SsN; half of the heterocyclic ring. The short S2:-:N3' and S3::-N2'
contacts are 3.292 and 3.310 A and the transannular S-S distance within the molecule is short at 2.4066(5) A.
This mode of dimerization is very similar to that found in crystals of 4c, the first structure of this kind to have
been reported back in 1985.1 This latter structure has longer SN distances at 3.338 and 3.412 A but a smaller
offset between the ring centroids (centroid spacing 3.374 vs. 3.300 A in 5a, albeit this latter was measured some
125°C lower in temperature). There are additional short contacts between C13 and O3 of 3.115 and C14 to S3 of
3.357 A as well as numerous interactions involving CH atoms.
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Figure S9. A displacement ellipsoids plot (Mercury, 40% probability) of the centrosymmetric dimer of 5a in the
crystal lattice connected through short S---N contacts of 3.292 and 3.310 A.

S4.2.8 Crystal and molecular structures of 5b

The centrosymmetric intermolecular interaction of 5b in the crystal has shortest contacts between C1 and
S3 from the CN,S; planes as found for 4b,d with d(S3--C1') = 3.314 A (Figure S10). However, there are several
other short contacts such as C5 with C25 at 3.334 A and the especially short interaction between phosphine
methoxy groups of 2.952 A between 01 and C26 (this is over 8% less than the sums of the v.d.Waals radii.) The
transannular $2---S3 distance within the thiazyl heterocycle is 2.428(1) A.

Figure S10. thermal ellipsoids plot (Mercury 2.0, 50% probability) of the centrosymmetric dimer of 5b in the
crystal showing dimerization through the CN,S; ring atoms with an $3---C1' distance of 3.314 A. There are also
strong contacts between phosphine O and CH; groups O1 and €26 of 2.952 A.

S4.2.9 Crystal and molecular structures of isostructural 5c and 5d

The structure of 5¢ in the lattice, by contrast, shows few interactions other than those involving H atoms and
has a transannular S-S distance of 2.4264(6) A (Figure S11). The diagram shows clearly how the folded
heterocycle is dominated by the expanse of the tri-substituted iminophosphorane group. There is a non-classical
hydrogen bond that weakly dimerizes CHs0 groups on neighbouring molecules but the interactions involving 02
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and C26 are much longer than that noted for 5b above (3.365 A). In the crystal lattice 5d is essentially
isostructural with 5c except that the dominant centrosymmetric organizing principle is between one of the CHsO
groups and the aryl ring Cl atoms, contacts at 3.234 and 3.237 A that are marginally less than the sum of the
v.d.Waals radii and the methoxy groups are slightly further apart as a consequence. The inter-annular S2---S3
distance in 5d is also larger at 2.4398(6) A.

Figure S11. Displacement ellipsoids plot of chains of 5c¢ in the crystal lattice showing the endo-anti conformation
of the heterocyclic ring; d(S2---53) for this structure is 2.4264(6) A. The isostructural 5d is not shown; it has
d(S2--S3) = 2.4398(6) A

$4.2.10. Crystal and molecular structures of 5e

The structure of 5e in the lattice (Fig. $12), like that of 5c¢,d is also essentially isolated with only general
contacts other than to H atoms between O1 and F3A at 2.912, F2 and C22 at 3.122 and S2 to C12 at 3.492 A,
respectively. Of interest in this structure, and distinct from what is observed for 4e, disorder of the
trifluoromethyl group is not simply due to rotation about the CFs—C bond, but is rather a waging motion of the
complete CF3C¢H,4 ring about the bond that attaches to the heterocycle. Such motion sweeps out a considerable
volume of space and perhaps not surprisingly this is the lowest density crystal containing a CF; group of the four
examples studied here (4e, 4f, 5e and 5f). The short contacts involving fluorine may be artifacts of this disorder.
The transannular $2---S3 contact within the thiazyl heterocycle is 2.4369(8) A.

Figure S12. The structure of 5e as found in the crystal lattice. Notice the disorder involving the whole 3-CF3C¢H4
ring in place of the more common rotational disorder of just the CF3 group. Hydrogen atoms are omitted.
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The structure of 5f in the lattice is the only structure among these nine trithiatetrazocine structures which
displays centrosymmetric dimerization through the S1 atom of the heterocycle, i.e. the sulfur atom that bears
the exocyclic iminophosphorane substituent (Fig. S13). This contact at 3.297 A is at 9% significantly shorter than
the sum of the v.d.Waals radii for two sulfur atoms (3.60 A). The origin of such a short contact in bonding is not
obvious. The transannular $2---S3 distance in this molecule is 2.4101(7) A.

Figure $13. Centrosymmetric dimers of 5f linked via $1---51' contacts of 3.279 A which are 9% less than the sum
of their v.d.Waals radii. Typical rotational disorder is observed for the terminal CFs; group; only the major rotamer
(75% occupancy) is shown.
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Table S6. Compiled Intermolecular Distances and Angles for the ten crystal structures of aryl phosphoraniminato-trithiatetrazocines

Compound: 4a ab 4c 4ad de de af af 5a 5b 5c 5d
Substituei Average StdDev Report MeO Me Ph Cl mCF3 2nd molec pCF3 2nd molec MeO Me Ph Cl
Code 7033 7030 DOTVUT 7034 7026 7026 7024 7024 7035 7032 7038 7036
PI-N1  1.603636 0.004608 1.604(5) 16006 1.6000  1.601 16018 1.6065 1.6031 1601 1596 1.6117 1603 1.6006  1.6091
SI-N1  1.609629 0.007305 1.610(7) 16065 1.6155  1.612 16133 16156 1.6077 1613 1608 1.6199 1612 1.6016  1.6029
SIN2 1653229 0.004297 1653 1652 1647 16514 1658 16558 1646 1652  1.6564 166 16472  1.6565
S1-N3  1.652593 0.005557 1658 1655  1.638 16556 1.6533 1657 1648 1653 16492 1652 1.6472 16557
av(N2,3-5 1.652911 0.00432 1.653(4) = 1.6558" 1.6535" 1.6425" 1.6535" 1.65565° 1.65647 1.647" 165257 1.6528" 1.656" 1.6472" 1.6561"
S2-N2  1.598143 0.005726 1598 1.6079 1591 1.6053  1.596 16017  1.593 16 15999 1606 1.5934  1.5989
S3-N3  1.596943 0.005249 1599 15985 1589  1.5986 16 16001 158 1599  1.6045 16 15967  1.6012
av(52,3-N; 1.597543 0.004948 1.598(5) 1.5085  1.6032 159 160195 1598 1.6009 1.5895 15995 1.6022  1.603 159505 1.60005
$2--S3 2426086 0.010997 2.43(1) 24325 24325 2415 2433 24374 24341 24184 24149 24066 24276  2.4264  2.4398
S2-N4  1.632193 0.004019 1634 16257 163 16266 1629  1.6328 163 1629 16381 1633 16318 16367
S3-N5  1.632707 0.005391 1632 16352 1629 1.6376 163 1635 1631 1632 16258 1637 16233  1.6301
av(52,3-N: 163245 0.003417 1.632(3) ~  1.633" 1.63045" 1.6295" 1.6321" 162957 1.6339" 1.6305" 16305 1.631957 1.635" 1.62755" 1.6334"
N4-C1 1332714 0.00403 1329 133 1334 13306 1338 1333 1334 1323 13364 1334 1327 1335
N5-C1  1.334121 0.005551 1345 1339 1323 13371 1333 1333 1332 1334 1333 1341 1334 1332
av(N4,5-C 1.333418 0.003079 1.333(3) 1337 13375 13285 133385 1.3355 1333 1333 1.3285 1335 13375 13305 1.3335
C1-C2  1.482136 0.003764 1.482(4) 1473 1479 1481 1482 1482 1485 1479 1487 14799 1482 1484  1.486
P1-N1-S1 121.4629 2.048341 121(2) 12116 12177 121 12199 121.39 12256 11945 123.96 117.54 122.88 123.45 122.92
N1-S1-N2 107.1029 1.539647 1061 10539 1066 10532 109.28 109.37 10637 108.68 108.69 109.07 106.63  105.79
N1-S1-N3 107.0214 1.396935 107.47 10843  107.1 10825 10569 10537 10696 10513 10632 10464 107.48 1083
av(N-S-NZ 107.0621 0.327001 107.1(3) | 106.785" 106.91"7 106.85" 106.785" 107.485" 107.37" 106.665" 106.905" 107.505" 106.855" 107.055" 107.045"
N2-52-N4 115.4643 0.849812 116.14  114.62 115 11449 11533 11476 11588 11411 11505 11568 11671 11681
N3-53-N5 115.7321 0.614431 115.86 11563 1146 1156 1158 11517 11632 11489 11519 11575 11655 116.54
av(N-5-N) 115.5982 0.702267 115.6(7) 116 115125 1148 115045 115565 114965 1161 1145 11512 115715 11663 116.675
$2-N4-C1  117.785 0.387591 11841 11816 1175 11812 11817 11746 117.96 117.56 117.25  117.8 117.85 117.57
S3-N5-C1  117.7993 0.345442 117.77 11806 1182 11778 11777 11814 11753 117.13 11801 1175 11827 11811
av(N-5-C) 117.7921 0.255755 117.8(3) 11809 11811 117.85 117.95 117.97  117.8 117.745 117.385 117.63 117.65 11806 117.84
CN252-52 115.3564 1.035082 115(1) 11542 113.99 1145 113.85 1148 11428 117.13 11634 11467 11541 11635 116.52
S2N2-N3S 143.9593 1.193157 144(1) 14362  143.89 145 14346 14513 14271 14674 14351 143.05 1429 143.66 143.17

Disorder ActaC42
structure 1986 900-

Notes not used 902
AveBondError 0.0021 00015 00029 00014 00021 0.0020 00023 00022 00013 00029 00015 0.0015
AveAnglError 0.10 0.08 0.13 0.07 0.11 0.10 0.14 0.12 0.07 0.14 0.08 0.08

Data for 4c is taken from: Boeré, R. T.; Ferguson, G.; Oakley, R. T. Acta Cryst. 1986, C42, 900—902.

S5e
mCF3
7039
1.6049
1.5916
1.6529
1.6595
1.6562"
1.59
1.595
1.5925
2.4369
1.6376
1.645
1.6413"
1.334
1.335
1.3345
1.483
123.01
105.86
107.98
106.92"
116.44
116.49
116.465
118.08
117.49
117.785
116.13
143.01

0.0021
0.11

5f

pCF3

7041
1.6116
1.6152
1.6564
1.6548
1.6556
1.5929
1.5896
1.59125
2.4101
1.6364
1.6349
1.63565
1.334
1.326
133
1.487
117.4
106.29
109.18
107.735
115.48
115.86
115.67
117.1
117.43
117.265
115.6
145.58

PPh3
115.04
144.26

POMe3
115.78
143.56

0.0016
0.09
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Section S7. Voltammetry and bulk electrolysis

TableS7. Full Electrochemical Data for the Trithiatetrazocines in CH,Cl, on a GC electrode atv=0.2Vs™.

R’ Ph
R OCH; CHs H cl mCF3 pCF;
Conc (mM) 2.64 4.55 2.53 291 1.85 1.66
0/+1
Ccv E3,V 0.94 1.00 1.03 1.06 1.09 1.09
1,23, UA 47 86 48 53 29 24
SWV E3V 0.88 0.96 0.98 1.00 1.06 1.06
wy, mV 120 157 147 154 148 142
Io3, WA 37 54 33 34 21 16
-1/0
cv ESL Vv -1.99 -1.96 -1.97 -1.94 -1.86 -1.86
I, uA 78 166 81 100 66 56
SWV EL V -1.88 -1.88 -1.87 -1.83 -1.80 -1.80
Wy, mV 166 200 180 160 131 125
Io}, uA 49 73 43 28 46 41
-2/-1
cv E,2,V -2.26 -2.23 -2.26 -2.27 -2.22 -2.23
12, uA 84 139 89 94 56 48
SWV E% V -2.19 -2.22 -2.20 -2.20 -2.18 -2.18
Wy, mV 146 189 179 172 151 153
Io%, WA 19 37 25 59 17 18
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TableS7., Continued.

R’ POCH;sCsH,
R OCH; CHs H cl mCF3 pCF;
Conc (mM) 2.15 3.08 2.53 1.78 1.35 1.67
0/+1
Ccv E3,V 0.94 0.97 0.98 1.00 1.06 1.06
1,23, UA 40 59 55 29 18 17
SWV E3V 0.85 0.93 0.92 0.95 1.03 1.01
wy, mV 114 130 136 134 143 136
Io3, WA 34 35 36 20 15 11
-1/0
cv ESL Vv -1.99 -1.98 -1.95 -1.94 -1.89 -1.89
I, uA 72 86 94 44 36 34
SWV EL V -1.90 -1.89 -1.87 -1.86 -1.81 -1.83
Wy, mV 161 172 156 163 144 145
Io}, WA 45 52 53 30 25 20
-2/-1
cv E,2,V -2.34 -2.34 -2.32 -2.35 -2.31 -2.32
12, uA 81 96 104 53 40 38
SWV E% V -2.28 -2.28 -2.26 -2.28 -2.25 -2.28
Wy, mV 194 194 175 186 104 144
Io%, WA 27 31 34 19 15 14
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Table S8. Data for correlation of peak potentials with Hammett Parameters for aryl substituents

Data for the Hammett plots for 4 and 5

R phosphine Ect (V) Ex3 (V) Hammett o, or o,
[IMeO PPh; -1.99 0.94 0.27
Me PPh; -1.96 1 -0.17
H PPhs -1.97 1.03 0.00
cl PPhs -1.94 1.06 0.23
m-CF3 PPhs -1.86 1.09 0.43
p-CF3 PPhs -1.86 1.09 0.54
MeO  P{CeHs(CH:O)}:  -1.99 0.94 027
Me  P{CeHa(CHs0)}s  -1.98 0.97 017
H P{CeHa(CHsO)}s  -1.95 0.98 0.00
cl P{CeHa(CH:0)}s  -1.94 1 0.23
m-CF3 P{CsH4(CH30)}; -1.89 1.06 0.43
p-CF3 P{C¢H4(CH30)}s -1.89 1.06 0.54

Data for the Hammett plots for 4-aryl-1,2,3,5-dithiadiazolyls and diaryl derivatives of C

R heterocycle type  E,* (V) Ex3 (V) Hammett o, or o,11%
MeO dtda -0.85 0.73 -0.27
Me dtda -0.83 0.77 -0.17
H dtda -0.82 0.78 0.00
cl dtda -0.78 0.82 0.23
m-CF3 dtda - - —
p-CF3 dtda -0.73 0.86 0.54
MeO dtta -1.366 1.123 -0.27
Me dtta -1.37 1.31 -0.17
H dtta -1.355 1.457 0.00
cl dtta -1.309 1.491 0.23
m-CF3 dtta -1.288 1.567 0.43
p-CF3 dtta -1.299 1.603 0.54

So the TTTA are comparably tunable to dtda (but this one is a 7t neutral, so only one RMO.

Also like the DTTA -1/0 process, which is nodal, but unlike the 0/+1 process, which is not, and has by far the
greatest substituent tunability, sloe of 0.551 V per Hammett unit.

The Linear Regression plots of the above data is presented in the following (unnumbered) graph figures.
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Section S6. EPR spectroscopy
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Figure $20. Two views that emphasize the similarity of the initially formed EPR signals from reduction of the
title compounds. (i) Overlay of EPR scans taken during electrolysis of solutions of (red) 5a™* and (blue) 5e™*
showing the similarity of their signals when decomposition signals are ignored. (ii) Best-fit simulations, traces
(b) and (d), using the parameters in Table 5 with (a) 5a™* and (c) 5e™".
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Figure S21. Best-fit simulation, using the parameters in Table 5, bottom (red) with early-sequence spectrum of
5¢™* above (black). As in other views, the black arrows designate some of the peaks occasioned by the
decomposition products which here are already quite intense.
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Section S7. Computational Studies
The electronic structures of the neutral examples and anion radicals of 4 and 5 were investigated with DFT

methods at the B3LYP-6-311G+(d,p)/B3LYP-6-31G(d,p) and UB3LYP-6-311G+(d,p)/UB3LYP-6-31G(d,p) levels of
theory, respectively. The general suitability of this method for the purpose of calculating EPR hyperfine coupling
constants has been verified through an extensive study by Sieiro et al.*! However, the failure of this level of
theory to accurately gauge 3'P hfs is well known from their work as well as from our own experience.*? In view
of the large size of the phosphoraniminato adducts, our calculations were restricted to two necessary levels of
approximation. First of all, a very thorough study of geometry and reactivity was undertaken using the simplified
model system 2' (HC and PHjs substituents). Then a model of 4c (PhC and PPh; substituents) was built up for both
neutral and anion radical by sequential growth of substituents using only the conformations corresponding to
the lowest energies. Our computational resources did not permit for investigations of the influence of aryl ring
substituents, nor were they deemed necessary for this study. There were several goals for this project. First, we
wished to ascertain the nature of the geometric preference for the four possible conformations (Chart S1) and
the possible substituent influences thereon. Second, it was valuable to compare the calculated and measured
geometries for the neutral molecules. Last, we wanted insight into the structure of the putative radical anion
and to use calculated EPR hfs parameters to help in the interpretation of the complex EPR spectra detected
through the SEEPR experiments.

Endo-syn Endo-anti
S......N S ...... N
/,N ré /,N /
N
H 4 N
HyP H PH,
Exo-syn Exo-anti
PH; Gevenn N
S--=°N No—~N
e NN -N N ST N=g—7
N SN M PH;

J a

Chart S1. Conformations and their naming scheme for the models used in the computations

For 2' we considered only the folded conformation of neutral trithiatetrazocine as both our own results and
those of Knapp et al.®! have shown this to be the ground state structure. However, four conformational isomers
need to be considered (Chart S1). For substituted systems, endo-anti is the most common and the only one
structurally characterized thus far for any iminophosphorane-substituted trithiatetrazocine, including 4 and 5 as
discussed above. However, when E=As, structural isomerism has been demonstrated with both the endo-anti
(thermodynamic isomer) and exo-syn (kinetic isomer) conformations characterized in the solid-state. Extensive
NMR evidence has substantiated that all known E=P derivatives go through the same sequence with the kinetic
isomer (presumed to be exo-syn) converting over time to the final endo-anti structure.

We have investigated these four conformational isomers for both the neutral and monoanions of 2' and found
that in all cases exo-anti is not a minimum on the energy surface with the starting geometries of this isomer
minimizing to exo-syn. However, both endo-anti and endo-syn are stable minima (NB: within Cs symmetry
restriction). Surprisingly, for this simple model it is exo-syn that is most stable, followed by endo-syn and endo-
anti as the most energetic. However, the differences are small (less than 6 kl/mol) and perhaps the most
important conclusion is that these three isomers are so similar in energy. This fits with the experimental evidence
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of the facile interconversion of endo to exo forms in solution. For the model systems, addition of one extra
electron to the LUMO of the neutral molecule (which is S:--S antibonding in nature) leaves the ring bent but with
substantial opening of the ring to give d(S--S) = 3.082 A versus 2.415(1) A in the neutral compound.

When phenyl groups are added to the phosphine, however, the isomer preferences are reversed with the
endo-syn conformation greatly disfavored due to steric clashes, and with the endo-anti now preferred by about
20 kJ/mol over exo-syn. The exact origin of the preference for endo over syn could not be determined. However,
this energy difference is consistent with the experimental evidence for kinetic and thermodynamic products. The
geometry of the neutral species especially in the CN4S; cage, are quite comparable to the results from
crystallography (both angles and distances deviate by less than 3%). Indeed, the only significant difference
between the solid state experimental and gas phase computational geometries is in the transanular S--:S which
is 9% longer in the computational model.

Here too the optimized geometry for the radical anion of 4c leads to further opening of the transannular S---S
distance due to single-electron occupation of the SOMO which is antibonding across the rings (see Fig S20). Of
greatest interest to us are the calculated hfs values from the endo-antiisomer of 4c as calculated at the UB3LYP-
6-311G+(d,p)/UB3LYP-6-31G(d,p) levels of theory. The values have been averaged to the expected effective C;
symmetry in solution to give: P -0.053; N1 —0.042; N2,3 0.295; N4,5 0.336 milli-Tesla.

PhsPN PhsPN

S —
TSEY NS
& ~

2.415(1) A 3.036 A
Neutral Anion

Figure S22. S---S distances for 4c for both the neutral form (left) and the calculated radical anion form (right).
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Table S9. Cartesian coordinates of computed geometries

DFT calculated [S4Ns]*

B3LYP/6-31G(d,p)

Optimized and Freq Calc (0 imaginary)

Optimized and Freq Calc (0 imaginary)

Depiction of LUMO of PhCNsSs

No. Symbol X Y z

1 S -0.0010570 1.4051080 0.7357260
2 S -2.0332560 -0.0017250 -0.7627760
3 S 0.0013230 -1.4038470 0.7373220
4 S 2.0329820 0.0007300 -0.7635250
5 N -1.3267550 -1.3602120 -0.3706860
6 N 1.3293090 -1.3588980 -0.3696060
7 N 1.3269740 1.3596670 -0.3712750
8 N -1.3297690 1.3583470 -0.3692340
9 N 0.0002620 0.0004880 1.6025220

DFT calculated [S4Ns]” B3LYP/6-31G(d,p) Optimized and Freq Calc (0 imaginary)

No. Symbol X Y z

1 S -0.2004410 1.3990800 0.8570810
2 S -1.4605760 -0.2081100 -1.0717770
3 S 0.2004350 -1.3972320 0.8594810
4 S 1.4602560 0.2066630 -1.0722190
5 N -1.1175020 -1.5653440 -0.2019480
6 N 1.5118990 -1.1915150 -0.1996790
7 N 1.1183430 1.5648290 -0.2022320
8 N -1.5124590 1.1909610 -0.1991230
9 N 0.0004650 0.0001530 1.7799750

DFT calculated [PhCNsSs] B3LYP/6-31+G(d,p)

No. Symbol X Y Z

1 S 1.5817690 -1.3692040 -0.7714530
2 S 1.5814340 1.3699240 -0.7706820
3 S 2.9212840 -0.0004600 1.4351900
4 N 2.4304970 1.3635990 0.8185410
5 N 0.0016870 1.2165460 -0.3579190
6 N 2.4307400 -1.3642610 0.8177160
7 N 0.0019350 -1.2162430 -0.3577170
8 N 2.1110580 0.0004960 -1.5470560
9 C -0.5612850 0.0000200 -0.2626640
10 C -2.7361920 -1.2125110 0.0714150
11 H -2.1921180 -2.1458930 -0.0136080
12 C -4.1140320 1.2096780 0.2851790
13 H -4.6471220 2.1522540 0.3679870
14 C -2.0355500 -0.0000610 -0.0378330
15 C -2.7362550 1.2123300 0.0717490
16 H -2.1922270 2.1457620 -0.0129950
17 C -4.8067810 -0.0001890 0.3922130
18 C -4.1139710 -1.2099950 0.2848320
19 H -4.6470140 -2.1526250 0.3673480
20 H -5.8803200 -0.0002350 0.5580780
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DFT calculated doublet 97°, [PhCNsS,]™* UB3LYP/6-31G(d,p)

No. Symbol X Y z

1 S 2.4405360 1.4356030 0.0002980
2 S 2.4405340 -1.4356030 -0.0002840
3 N 0.7496640 -1.2256520 0.0001300
4 N 0.7496640 1.2256530 -0.0004390
5 N 3.3170270 -0.0000020 0.0002030
6 C 0.2172620 0.0000010 -0.0000420
7 C -2.0039970 1.2055790 -0.0001970
8 H -1.4379610 2.1304730 -0.0003450
9 C -3.3983540 -1.2051240 0.0002330
10 H -3.9370880 -2.1508990 0.0004160
11 C -1.2839860 0.0000010 -0.0000290
12 C -2.0039960 -1.2055790 0.0001830
13 H -1.4379600 -2.1304720 0.0003130
14 C -4.1064230 0.0000000 0.0000630
15 C -3.3983550 1.2051240 -0.0001580
16 H -3.9370900 2.1508980 -0.0002840
17 H -5.1944150 -0.0000010 0.0000880

DFT calculated 7, [PhCN553—PPh3]

B3LYP/6-31+G(d,p)

No. Symbol X Y z

1 C -3.4999840 0.4937440 -0.2812240
2 N -2.6004380 -0.1997350 -1.0462720
3 N -3.4206270 1.7466090 0.1312080

4 N -1.2675830 2.0916940 -1.4702880
5 S -1.3688900 0.5316110 -1.7435180
6 S -1.9656190 2.5978730 0.1039840

7 N -0.9795200 2.1209870 1.2827970

8 S -0.6504460 0.4430460 1.5597020

9 N 0.1397930 -0.1538010 0.1796990

10 P 1.7606340 -0.2526270 0.0943940

11 C -4.7503940 -0.2514470 0.0486760

12 C -5.7250020 0.3400090 0.8688350

13 C -4.9729050 -1.5413720 -0.4587540
14 C -6.8991030 -0.3468790 1.1734730

15 H -5.5450720 1.3348870 1.2598720

16 C -6.1496120 -2.2257690 -0.1519240
17 H -4.2190580 -1.9974200 -1.0898690
18 C -7.1162430 -1.6316820 0.6641800

19 H -7.6451830 0.1194360 1.8105330

20 H -6.3113550 -3.2234550 -0.5501280
21 H -8.0316660 -2.1657390 0.9032320

22 C 2.0805790 -1.1938120 -1.4352570
23 C 1.1621830 -2.1839960 -1.8233600
24 C 3.2216760 -0.9613840 -2.2173890
25 C 1.3904820 -2.9329860 -2.9791860
26 H 0.2714040 -2.3482790 -1.2260260
27 C 3.4453020 -1.7157240 -3.3715920
28 H 3.9299890 -0.1887840 -1.9364940
29 C 2.5316730 -2.7016630 -3.7529980
30 H 0.6740140 -3.6929520 -3.2765800

Optimized and Freq Calc (1 imaginary)

Depiction of total Spin Density
of PhCNsS2

Optimized and Freq Calc (0 imaginary)
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

I I T OIOIOOOOIIIOIOIOO0OOOTITIT

4.3284760
2.7050950
2.7098350
4.0455790
2.0992830
4.7608280
4.5271870
2.8213850
1.0642780
4.1489870
5.7909090
2.3386200
4.7045390
2.5055710
2.5602130
2.9473010
3.0500970
2.2168200
3.4406120
2.9119360
3.4912160
3.0843250
3.7834470
3.8723060

-1.5267720
-3.2838210
1.3102930
1.3904940
2.4347590
2.5801410
0.5319070
3.6213000
2.3919120
3.6965680
2.6351490
4.4881990
4.6234720
-1.1838790
-0.5880270
-2.5065150
-1.3073300
0.4314250
-3.2206650
-2.9813840
-2.6237040
-0.8389940
-4.2421720
-3.1808040

-3.9745180
-4.6534200
-0.0113180
0.4200730
-0.5889040
0.2708470
0.8773580
-0.7346750
-0.9117990
-0.3068730
0.6107750
-1.1755340
-0.4170630
1.4861460
2.7592770
1.3272950
3.8498110
2.9011010
2.4222780
0.3524530
3.6837700
4.8289080
2.2866920
4.5346740

DFT calculated 2c-exo, [PhCN3S;NSN=PPhs]

B3LYP/6-31G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y z

1 C 3.9834470 -0.0921100 0.1794460
2 N 3.4060430 -1.3024620 0.2371600
3 N 3.5441040 1.0772810 0.6727620
4 N 1.8325640 -0.3344910 2.2282850
5 S 2.0855310 -1.5535070 1.1927700
6 S 2.0510620 1.1734810 1.3974090
7 N 0.8472230 1.1181340 0.2791400
8 S 0.7183710 -0.1408040 -0.7984980
9 N -0.8376400 -0.1895450 -1.2812280
10 P -2.2021270 -0.0087240 -0.4175380
11 C 5.3001600 -0.0404820 -0.5291980
12 C 5.9803750 1.1788600 -0.6739820
13 C 5.8732970 -1.2094340 -1.0544450
14 C 7.2097710 1.2263550 -1.3319560
15 H 5.5332330 2.0786100 -0.2673600
16 C 7.1014400 -1.1584260 -1.7139560
17 H 5.3457660 -2.1494040 -0.9389010
18 C 7.7746400 0.0591100 -1.8548730
19 H 7.7269420 2.1759780 -1.4372630
20 H 7.5339370 -2.0698650 -2.1171300
21 H 8.7316370 0.0978230 -2.3679270
22 C -3.4504160 -1.0042420 -1.2996320
23 C -3.2738990 -1.2615000 -2.6677610
24 C -4.5859810 -1.4987090 -0.6389730
25 C -4.2312480 -1.9990350 -3.3668340
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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-2.3811520
-5.5396610
-4.7226260
-5.3648720
-4.0875500
-6.4128440
-6.1060750
-2.1360490
-2.4152090
-1.7502240
-2.3149000
-2.7027330
-1.6518490
-1.5260370
-1.9327290
-2.5269250
-1.3487010
-1.8463130
-2.8175690
-1.9157690
-4.1711980
-2.3730400
-0.8669990
-4.6191320
-4.8767870
-3.7215690
-1.6700790
-5.6667410
-4.0704280

-0.8990620
-2.2363160
-1.3239290
-2.4842520
-2.1988260
-2.6212080
-3.0603900
-0.6310860
0.1808650
-1.9686260
-0.3423910
1.2173190
-2.4849340
-2.6026320
-1.6716090
0.2926570
-3.5172880
-2.0727620
1.7158610
2.7601070
2.0098380
4.0786890
2.5337080
3.3320460
1.2171190
4.3675950
4.8807310
3.5502240
5.3958790

-3.1661630
-1.3442360
0.4241280
-2.7084520
-4.4244990
-0.8258910
-3.2546580
1.2971060
2.4052720
1.4937930
3.6965150
2.2642950
2.7849170
0.6405570
3.8872380
4.5512910
2.9308440
4.8926310
-0.3723360
-0.1044990
-0.6050490
-0.0637770
0.0680790
-0.5620530
-0.8287590
-0.2907820
0.1411000
-0.7472840
-0.2626930

DFT calculated 2c-endo, [PhCN3S;NSN=PPh;]

B3LYP/6-31G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y Z

1 C 2.7538090 -0.8070690 -0.2576370
2 N 2.4603240 -1.0810160 -1.5494060
3 N 2.5537040 -1.5402460 0.8366040
4 N 2.4241770 -3.6799020 -0.8233250
5 S 2.0346800 -2.6041350 -1.9565730
6 S 1.9360060 -3.1140010 0.7248220
7 N 0.2995900 -3.1505630 0.5796420
8 S -0.4550390 -2.3795850 -0.6855550
9 N -0.2865030 -0.7262180 -0.6460350
10 P -1.4375910 0.2495290 -0.0651490
11 C 3.4124340 0.5160840 -0.0329800
12 C 3.7413960 0.9359560 1.2645930
13 C 3.7311550 1.3455760 -1.1186970
14 C 4.3672620 2.1628550 1.4708490
15 H 3.5054470 0.2847930 2.0980020
16 C 4.3601080 2.5710710 -0.9092630
17 H 3.4874720 1.0105890 -2.1202330
18 C 4.6787560 2.9849970 0.3855630
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
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51
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54
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4.6165770

4.6064050

5.1697250

-1.0482070
-0.0140240
-1.7636780
0.2920350

0.5444610

-1.4548540
-2.5556520
-0.4271030
1.0987280

-2.0110210
-0.1847500
-3.1515180
-3.8425640
-3.7330290
-5.0983020
-3.4025550
-4.9915310
-3.2052210
-5.6749250
-5.6245930
-5.4368940
-6.6542410
-1.4558730
-0.2941450
-2.5687820
-0.2511600
0.5631210

-2.5157160
-3.4819430
-1.3563520
0.6477600

-3.3808200
-1.3186960

2.4770330
3.2022360
3.9403710
1.8947810
2.0177490
3.0312720
3.2723140
1.1333110
4.2787470
2.9488860
4.3993680
3.3665900
5.1557780
5.3734970
-0.1630060
-1.1787630
0.4190200
-1.5924010
-1.6431170
0.0046130
1.1967500
-0.9997890
-2.3778240
0.4662050
-1.3218310
0.3823120
0.0237810
0.8709240
0.1575750
-0.3721960
1.0054430
1.1288910
0.6494100
-0.1300760
1.3799990
0.7494180

2.4803350
-1.7584490
0.5480480
-0.7412960
-1.6786000
-0.3338660
-2.2083530
-1.9665750
-0.8717320
0.4042710
-1.8105860
-2.9286500
-0.5547240
-2.2253370
-0.5555210
0.1269540
-1.6923300
-0.3152860
1.0037250
-2.1273720
-2.2343190
-1.4401570
0.2184300
-3.0034930
-1.7815690
1.7587230
2.4586930
2.4629530
3.8468700
1.9235680
3.8495140
1.9353920
4.5420400
4.3834120
4.3885870
5.6228830

DFT calculated 4c-exo, [PhCN,;S;N,S—N=PPhjs]

B3LYP/6-31G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y Z

1 C 3.9834470 -0.0921100 0.1794460

2 N 3.4060430 -1.3024620 0.2371600 1,/‘ /

3 N 3.5441040 1.0772810 0.6727620

4 N 1.8325640 -0.3344910 2.2282850 /‘“ T/‘ ’/9\\ L

5 S 2.0855310 -1.5535070 1.1927700 | A ¢ - f/ ag
6 S 2.0510620 1.1734810 1.3974090 ‘a\ f“*\ B : ) j
7 N 0.8472230 1.1181340 0.2791400 " i ‘f -
8 S 0.7183710 -0.1408040 -0.7984980 7;—

9 N -0.8376400 -0.1895450 -1.2812280 il 3

10 P -2.2021270 -0.0087240 -0.4175380 ,g

11 C 5.3001600 -0.0404820 -0.5291980 VY

S32



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
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42
43
44
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46
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5.9803750

5.8732970

7.2097710

5.5332330

7.1014400

5.3457660

7.7746400

7.7269420

7.5339370

8.7316370

-3.4504160
-3.2738990
-4.5859810
-4.2312480
-2.3811520
-5.5396610
-4.7226260
-5.3648720
-4.0875500
-6.4128440
-6.1060750
-2.1360490
-2.4152090
-1.7502240
-2.3149000
-2.7027330
-1.6518490
-1.5260370
-1.9327290
-2.5269250
-1.3487010
-1.8463130
-2.8175690
-1.9157690
-4.1711980
-2.3730400
-0.8669990
-4.6191320
-4.8767870
-3.7215690
-1.6700790
-5.6667410
-4.0704280

1.1788600
-1.2094340
1.2263550
2.0786100
-1.1584260
-2.1494040
0.0591100
2.1759780
-2.0698650
0.0978230
-1.0042420
-1.2615000
-1.4987090
-1.9990350
-0.8990620
-2.2363160
-1.3239290
-2.4842520
-2.1988260
-2.6212080
-3.0603900
-0.6310860
0.1808650
-1.9686260
-0.3423910
1.2173190
-2.4849340
-2.6026320
-1.6716090
0.2926570
-3.5172880
-2.0727620
1.7158610
2.7601070
2.0098380
4.0786890
2.5337080
3.3320460
1.2171190
4.3675950
4.8807310
3.5502240
5.3958790

-0.6739820
-1.0544450
-1.3319560
-0.2673600
-1.7139560
-0.9389010
-1.8548730
-1.4372630
-2.1171300
-2.3679270
-1.2996320
-2.6677610
-0.6389730
-3.3668340
-3.1661630
-1.3442360
0.4241280
-2.7084520
-4.4244990
-0.8258910
-3.2546580
1.2971060
2.4052720
1.4937930
3.6965150
2.2642950
2.7849170
0.6405570
3.8872380
4.5512910
2.9308440
4.8926310
-0.3723360
-0.1044990
-0.6050490
-0.0637770
0.0680790
-0.5620530
-0.8287590
-0.2907820
0.1411000
-0.7472840
-0.2626930

LUMO of 4c-exo
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DFT calculated 4c-endo, [PhCN,S;N,S—N=PPhs]

B3LYP/6-31G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y z

1 C 2.9287890 -1.0216080 -0.1381420
2 N 2.5355340 -1.5967940 1.0062520
3 N 2.8022160 -1.5195020 -1.3728990
4 N 0.4223240 -2.9365970 -1.7924110
5 N 0.1469570 -3.0493040 0.8171610
6 S -0.5522780 -2.3781650 -0.5548780
7 N -0.3137690 -0.7385440 -0.5267040
8 S 2.0421890 -2.9595690 -1.6259770
9 S 1.7691170 -3.0635440 0.9881270
10 P -1.4356820 0.3145000 -0.0491470
11 C -1.0345590 1.8692090 -0.9107240
12 C -1.7207540 3.0588490 -0.6228500
13 C -0.0147600 1.8649330 -1.8715070
14 C -1.3976630 4.2310050 -1.3030710
15 H -2.5011770 3.0768270 0.1316500
16 C 0.3057540 3.0443950 -2.5452880
17 H 0.5203470 0.9420040 -2.0682110
18 C -0.3847030 4.2237510 -2.2654950
19 H -1.9316100 5.1495300 -1.0791180
20 H 1.0997750 3.0393290 -3.2855590
21 H -0.1317510 5.1396260 -2.7916000
22 C -1.3923290 0.6408480 1.7481160
23 C -0.2305710 0.2884540 2.4511260
24 C -2.4545210 1.2623420 2.4250070
25 C -0.1370290 0.5616240 3.8162820
26 H 0.5871660 -0.2062640 1.9357570
27 C -2.3511160 1.5343340 3.7883020
28 H -3.3698160 1.5142980 1.8979800
29 C -1.1913380 1.1854470 4.4840440
30 H 0.7610650 0.2793160 4.3569720
31 H -3.1774120 2.0104820 4.3076860
32 H -1.1143230 1.3940170 5.5471460
33 C -3.1648160 -0.1223820 -0.4513510
34 C -3.8744980 -1.0064110 0.3788990
35 C -3.7445610 0.3066920 -1.6552730
36 C -5.1474600 -1.4416740 0.0130940
37 H -3.4363500 -1.3510560 1.3104200
38 C -5.0195910 -0.1290110 -2.0138040
39 H -3.2016620 0.9813120 -2.3091260
40 C -5.7215860 -1.0018300 -1.1809240
41 H -5.6887090 -2.1252420 0.6599330
42 H -5.4631460 0.2122480 -2.9441780
43 H -6.7137480 -1.3412790 -1.4630870
44 C 3.6468700 0.2779320 -0.0193840
45 C 4.0847320 0.9501020 -1.1698930
46 C 3.8953040 0.8424250 1.2398990
47 C 4.7547210 2.1663920 -1.0612080
48 H 3.8948760 0.5009700 -2.1381590

LUMO of 4c-endo
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49
50
51
52
53
54
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4.5653310
3.5625180
4.9964240
5.0917130
4.7540100
5.5197640

2.0591930
0.3116680
2.7251460
2.6782490
2.4876290
3.6735090

1.3451660
2.1245020
0.1958620
-1.9581030
2.3253160
0.2795380

DFT calculated doublet exo-2¢*, [PhCN3S;NSN=PPh3] ~* UB3LYP/6-31G(d,p)

No. Symbol X Y Z

1 C -4,1221870 -0.4802960 0.0305240
2 N -3.8139360 -1.5192230 0.8094780
3 N -3.4842490 0.0878180 -0.9996900
4 N -1.8162410 -2.0816220 -1.0013080
5 S -2.4116920 -2.3625930 0.5208560
6 S -1.9829710 -0.4655710 -1.5632480
7 N -0.8060240 0.5202200 -0.9834530
8 S -0.6140150 0.7113610 0.7143410
9 N 0.8581440 -0.0819730 1.1322840
10 P 2.2240760 0.1249070 0.3388640
11 C -5.4452360 0.1601250 0.3593610
12 C -5.9008030 1.2702410 -0.3663010
13 C -6.2485170 -0.3424910 1.3934210
14 C -7.1280710 1.8603950 -0.0666800
15 H -5.2688880 1.6516620 -1.1602870
16 C -7.4752210 0.2483770 1.6925370
17 H -5.8869430 -1.1997970 1.9500410
18 C -7.9230470 1.3528460 0.9633860
19 H -7.4651510 2.7216250 -0.6392220
20 H -8.0848400 -0.1546180 2.4982540
21 H -8.8801310 1.8136260 1.1969380
22 C 3.5355040 -0.4376510 1.4963920
23 C 3.2121890 -0.5225460 2.8580340
24 C 4.8300230 -0.7760340 1.0778300
25 C 4.1726090 -0.9272870 3.7847340
26 H 2.1962930 -0.2845280 3.1563630
27 C 5.7912610 -1.1743480 2.0087880
28 H 5.0874720 -0.7464750 0.0239260
29 C 5.4648790 -1.2493170 3.3635920
30 H 3.9102820 -0.9945900 4.8371320
31 H 6.7915630 -1.4347430 1.6730130
32 H 6.2123190 -1.5649090 4.0869550
33 C 2.4366880 -0.8977500 -1.1788330
34 C 3.4411730 -0.6460870 -2.1259090
35 C 1.5590980 -1.9711310 -1.3744210
36 C 3.5845260 -1.4768520 -3.2380350
37 H 4.0957490 0.2137210 -2.0105590
38 C 1.6967480 -2.7911040 -2.4947700
39 H 0.7404600 -2.1319760 -0.6817520
40 C 2.7133730 -2.5531240 -3.4210930
41 H 4.3638540 -1.2736990 -3.9682660

Opt and Freq Calc (0 imaginary)

SOMO of exo-2cRadAnion
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42
43
44
45
46
47
48
49
50
51
52
53
54
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0.9894760
2.8170030
2.6782020
1.8093740
3.7599440
2.0453530
0.9488610
3.9928800
4.4237280
3.1359160
1.3675160
4.8413450
3.3139510

-3.6007820
-3.1926420
1.8223420
2.4581480
2.5387470
3.7819030
1.9179510
3.8592110
2.0656930
4.4822790
4.2680700
4.4006620
5.5128720

-2.6471890
-4.2941650
-0.2189740
-1.1267960
0.3149520

-1.5002660
-1.5215880
-0.0719380
1.0320120

-0.9813640
-2.1966290
0.3389270

-1.2782550

DFT calculated doublet endo-2¢™*, [PhCN3S;NSN=PPhs] ~* UB3LYP/6-31G(d,p)

No. Symbol X Y z

1 C 3.5189080 -0.4948480 -0.2048760
2 N 3.9968190 -1.2045190 -1.2284290
3 N 2.6693670 -0.8108390 0.7818190
4 N 2.9249040 -3.4183350 0.0109560
5 S 3.6022880 -2.8115440 -1.3649880
6 S 1.9016400 -2.3215890 0.8779230
7 N 0.4087090 -2.3048500 0.2065880
8 S 0.1708000 -1.6378590 -1.3713080
9 N -0.4911780 -0.0549120 -1.1609980
10 P -1.7845490 0.2141350 -0.2666730
11 C 4.0720120 0.9032180 -0.1245170
12 C 3.8398620 1.7045750 1.0021940
13 C 4.8465000 1.4267510 -1.1704710
14 C 4.3649340 2.9939970 1.0810850
15 H 3.2473370 1.2896820 1.8094090
16 C 5.3670680 2.7173260 -1.0937910
17 H 5.0260380 0.7999720 -2.0365380
18 C 5.1303530 3.5088170 0.0329690
19 H 4.1752840 3.5994520 1.9644740
20 H 5.9598620 3.1081970 -1.9176880
21 H 5.5371510 4.5155690 0.0925840
22 C -2.4651760 1.8123590 -0.8650260
23 C -2.0579950 2.2613140 -2.1291000
24 C -3.3657380 2.5865190 -0.1200650
25 C -2.5547240 3.4591910 -2.6425100
26 H -1.3370030 1.6611700 -2.6748140
27 C -3.8667330 3.7815460 -0.6396530
28 H -3.6657150 2.2681110 0.8732910
29 C -3.4629550 4.2191330 -1.9020020
30 H -2.2283920 3.8019740 -3.6207100
31 H -4.5642350 4.3741630 -0.0535780
32 H -3.8483890 5.1529130 -2.3033550
33 C -3.1557960 -1.0156550 -0.2985940
34 C -2.8579560 -2.3253410 0.1260550

Opt and Freq Calc (0 imaginary)

SOMO of endo-2cRadAnion
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35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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-4.4196080
-3.8275660
-1.8698940
-5.3854760
-4.6525800
-5.0902790
-3.5891780
-6.3659400
-5.8405810
-1.4746370
-0.1612400
-2.4997000
0.1149540

0.6425660

-2.2197600
-3.5136620
-0.9110130
1.1394260

-3.0191400
-0.6901810

-0.7390540
-3.3240320
-2.5572090
-1.7421970
0.2617900
-3.0366860
-4.3334200
-1.5127320
-3.8198970
0.4652260
0.7314030
0.4183680
0.9661250
0.7064590
0.6630360
0.1673690
0.9418420
1.1514860
0.6219220
1.1234580

-0.8415190
0.0221670
0.5233580
-0.9317050
-1.1916580
-0.4990170
0.3462980
-1.3415100
-0.5745700
1.5325450
1.9400110
2.4895700
3.2876010
1.2108000
3.8345910
2.1896740
4.2338910
3.5970450
4.5702160
5.2827820

DFT calculated doublet exo-4c¢™, [PhCN3S;NSN=PPh3] ~*

UB3LYP/6-31+G(d,p)

No. Symbol X Y z

1 S -2.2134420 -2.1092080 -0.6055810
2 S -2.0060910 0.7395100 -1.5803190
3 N -0.8498000 -1.7635880 0.3084820
4 N -0.6846010 0.8776290 -0.5360630
5 N -3.5027020 0.8528060 -0.7747160
6 N -3.6650290 -1.4823310 0.0216070
7 S -0.7194350 -0.1621780 0.8109520
8 N 0.8556170 -0.0771150 1.3468020
9 P 2.1339690 0.0544130 0.3793050
10 C -4.0541860 -0.2210600 -0.1969500
11 C 2.4263410 1.7269650 -0.3239330
12 C 3.3132620 1.9502100 -1.3856770
13 C 1.7589880 2.8129380 0.2581750
14 C 3.5470660 3.2478270 -1.8461080
15 H 3.8068730 1.1111000 -1.8671290
16 C 1.9935640 4.1060690 -0.2053310
17 H 1.0374640 2.6250530 1.0449020
18 C 2.8898970 4.3266830 -1.2536780
19 H 4.2320340 3.4119760 -2.6737050
20 H 1.4626430 4,9415780 0.2419160
21 H 3.0654630 5.3360580 -1.6165190
22 C 3.5322000 -0.2308940 1.5393370
23 C 4.8082130 0.3124390 1.3374250
24 C 3.2992580 -1.0360640 2.6638360
25 C 5.8393900 0.0456210 2.2397320
26 H 4.9968170 0.9551400 0.4834720
27 C 4.3323460 -1.3007850 3.5628760

Opt and Freq Calc (0 imaginary)

SOMO of exo-4cRadAnion 1
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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2.2988900
5.6037390
6.8237050
4.1415120
6.4063350
2.4177600
1.5033220
3.5080760
1.6919200
0.6427410
3.6885810
4.2178380
2.7823310
0.9742920
4.5357440
2.9200360
-5.4482710
-6.1861350
-6.0284010
-7.4707930
-5.7223270
-7.3128740
-5.4435060
-8.0421000
-8.0280760
-7.7464850
-9.0433950

-1.4243410
-0.7633300
0.4758530

-1.9241430
-0.9684930
-1.1018660
-1.1113670
-1.9836650
-1.9828430
-0.4500720
-2.8563250
-1.9960360
-2.8560490
-1.9873710
-3.5371800
-3.5390850
0.0565160

-0.9506440
1.3257120

-0.6976240
-1.9248540
1.5789710

2.0953190

0.5686960

-1.4918940
2.5699100

0.7666980

2.8225220
3.3523150
2.0757750
4.4320850
4.0559490
-1.0281520
-2.0948970
-1.0484710
-3.1652430
-2.0555670
-2.1239280
-0.2285660
-3.1834160
-3.9804060
-2.1276660
-4.0177780
0.3334130
0.9719470
0.1943770
1.4523570
1.0776040
0.6751410
-0.2965210
1.3066860
1.9445880
0.5576900
1.6831780

DFT calculated doublet endo-4c™*, [PhCN3S;NSN=PPh3] ~* UB3LYP/6-31+G(d,p)

No. Symbol X Y Z

1 C -2.9963710 -0.9650710 -0.0565020
2 N -2.8840000 -1.4502870 -1.2967190
3 N -2.6299870 -1.3988860 1.1504500
4 N -0.2147490 -2.9312050 1.0871880
5 N -0.5108450 -3.0312300 -1.6659570
6 S 0.4004420 -2.5575510 -0.3986910
7 N 0.3237490 -0.8215760 -0.5155940
8 S -1.8891520 -2.9031880 1.3797650
9 S -2.2073750 -2.9530690 -1.6387840
10 P 1.4384470 0.2065680 -0.0824300
11 C 1.0082210 1.8027480 -0.8769230
12 C 1.9577000 2.7955070 -1.1562250
13 C -0.3365510 2.0151000 -1.2113600
14 C 1.5617770 3.9994970 -1.7419990
15 H 3.0078990 2.6241440 -0.9363990
16 C -0.7275990 3.2217360 -1.7915360
17 H -1.0555560 1.2224190 -1.0329650
18 C 0.2179840 4.2156990 -2.0532560
19 H 2.3034750 4.7633420 -1.9610500
20 H -1.7744470 3.3765070 -2.0355480

Opt and Freq Calc (0 imaginary)

S38



21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

T T T OITIOITIOOOOIIITIIOIOIOOOOI IITIOIOIIOO0O0O0IT

-0.0893330
3.1572590
4.3183220
3.2730350
5.5746430
4.2424320
4.5279970
2.3725780
5.6811760
6.4682720
4.6046780
6.6588500
1.6108060
1.2076170
2.0962880
1.3184810
0.7857230
2.2041470
2.3740150
1.8184580
0.9973670
2.5780690
1.8956570
-3.7209790
-4.2124920
-3.9097940
-4.8763850
-4.0577780
-4.5733190
-3.5200260
-5.0605520
-5.2549970
-4.7080730
-5.5765270

5.1542580
-0.1810310
0.1031140
-0.8249570
-0.2320000
0.5761680
-1.1606470
-1.0759260
-0.8617410
-0.0082860
-1.6641410
-1.1278320
0.5775260
-0.4137360
1.8026020
-0.1826150
-1.3511520
2.0247450
2.5932710
1.0290090
-0.9531480
2.9778220
1.2046100
0.3643490
0.9524720
1.0392350
2.1791850
0.4209130
2.2653550
0.5761440
2.8430100
2.6165240
2.7744110
3.8000850

-2.5075670
-0.6528650
0.0786870
-1.8957880
-0.4316750
1.0525540
-2.4013420
-2.4488350
-1.6721120
0.1451610
-3.3609650
-2.0654220
1.7194810
2.6277680
2.2053040
4.0007390
2.2597710
3.5782900
1.5149900
4.4784420
4.6959090
3.9436560
5.5485600
-0.0129600
-1.1887240
1.2021440
-1.1494270
-2.1210000
1.2409990
2.1015600
0.0662700
-2.0709410
2.1928340
0.0973180
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DFT calculated doublet 11°°, [PhsP=NSNS] ~*

UB3LYP/6-31+G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y z

1 S 3.4826170 0.4747350 0.6925230
2 N 3.1941730 -0.3504320 2.1414120
3 S 1.6682780 -0.9046850 2.5832390
4 N 0.3225300 -0.0797890 1.8901750
5 P -0.1941990 -0.0310750 0.3857650
6 C 0.0900300 -1.4682460 -0.7416240
7 C 1.3842660 -1.6959320 -1.2433040
8 C -0.9083580 -2.4315750 -0.9676830
9 C 1.6559020 -2.8486210 -1.9848760
10 H 2.1799190 -0.9858740 -1.0122220
11 C -0.6321410 -3.5799450 -1.7137420
12 H -1.9059240 -2.2867210 -0.5654070
13 C 0.6509950 -3.7880990 -2.2309160
14 H 2.6628740 -3.0137590 -2.3591940
15 H -1.4180990 -4.3107320 -1.8883370
16 H 0.8674280 -4.6832820 -2.8092290
17 C 0.2677320 1.4712610 -0.5762950
18 C 0.1987700 1.5320840 -1.9743050
19 C 0.6284270 2.6191380 0.1450000
20 C 0.4885790 2.7262640 -2.6452430
21 H -0.0519770 0.6435560 -2.5471640
22 C 0.9001150 3.8117880 -0.5233130
23 H 0.7198490 2.5494610 1.2239770
24 C 0.8338130 3.8689370 -1.9213990
25 H 0.4499640 2.7573000 -3.7315010
26 H 1.1916910 4.6913150 0.0445320
27 H 1.0613510 4.,7962010 -2.4415250
28 C -2.0356370 0.1188420 0.5180290
29 C -2.6278380 -0.1115730 1.7678860
30 C -2.8553060 0.4543080 -0.5715140
31 C -4.0140350 -0.0253240 1.9225140
32 H -1.9750190 -0.3467080 2.6034500
33 C -4.2422380 0.5383010 -0.4175250
34 H -2.4147560 0.6566950 -1.5428660
35 C -4.8259550 0.2971260 0.8297390
36 H -4.4593880 -0.2066990 2.8975700
37 H -4.8645740 0.7975730 -1.2704760
38 H -5.9043160 0.3661560 0.9500360

5S40



DFT calculated [PhsP]

B3LYP/6-31+G(d,p)

Optimized and Freq Calc (0 imaginary)

No. Symbol X Y z

1 P -0.0015600 -0.0015930 -1.2110850
2 C -1.5834380 -0.5319040 -0.4031620
3 C -2.1047060 0.0294020 0.7725980
4 C -2.3137170 -1.5476050 -1.0429050
5 C -3.3174610 -0.4210040 1.2979320
6 H -1.5642120 0.8240390 1.2770870
7 C -3.5192570 -2.0052750 -0.5121120
8 H -1.9355860 -1.9782940 -1.9666750
9 C -4.0252460 -1.4409350 0.6604370
10 H -3.7083040 0.0259160 2.2078710
11 H -4.0680790 -2.7938660 -1.0190350
12 H -4.9687360 -1.7891950 1.0707760
13 C 0.3299170 1.6348840 -0.4053550
14 C 1.1099760 1.8112840 0.7472500
15 C -0.0185310 4.0434100 -0.4913160
16 C 1.3239790 3.0874680 1.2721630
17 H 1.5540860 0.9493480 1.2346160
18 C 0.7582460 4.2053590 0.6576190
19 H -0.4569670 4.9088860 -0.9799940
20 H 1.9326440 3.2066710 2.1642580
21 H 0.9262720 5.1971210 1.0674930
22 C 1.2530430 -1.1054580 -0.4075100
23 C 2.5150530 -1.1838380 -1.0206170
24 C 1.0153290 -1.8809070 0.7371620
25 C 3.5178030 -1.9964770 -0.4932340
26 H 2.7102690 -0.6068380 -1.9211380
27 C 2.0156100 -2.7044900 1.2581740
28 H 0.0448060 -1.8450250 1.2213000
29 C 3.2692000 -2.7616300 0.6480310
30 H 4.4883690 -2.0409190 -0.9791670
31 H 1.8137390 -3.3007340 2.1437380
32 H 4.0458350 -3.4027070 1.0550690
33 C -0.2222210 2.7702570 -1.0221610
34 H -0.8122090 2.6542480 -1.9278940
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