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ABSTRACT: Synthesis and characterization of new P(III) and P(V) bis(azido)phosphines/phosphoranes supported by an N,N′-
bis(2,6-diisopropylphenyl) imidazolin-2-iminato (IPrN) ligand and their reactivity with various secondary and tertiary phosphines
result in the formation of chiral and/or asymmetric mono(phosphinimino)azidophosphines via the Staudinger reaction. The reaction
of IPrNP(N3)2 (2) or IPrNP(S)(N3)2 (4S) with an excess of tertiary phosphine resulted in the chemoselective formation of
IPrNP(N3)(NPMe3) (7) or IPrNP(S)N3(NPR3) (5R), respectively. The chemoselective Staudinger reactivity was also observed in
reactions using a secondary phosphine (HPCy2) to produce IPrNP(S)N3[NP(H)Cy2] (6a), which exists in equilibrium with a
tautomeric IPrNP(S)N3[N(H)PCy2] form (6b), as confirmed by 31P−31P nuclear Overhauser effect spectroscopy (NOESY).
Density functional theory (DFT) calculations point to a combination of energetically unfavorable lowest unoccupied molecular
orbitals (LUMOs) and the accumulation of increasing negative charge at the terminal azido-nitrogen upon a single azide-to-
phosphinimine conversion that gave rise to the observed chemoselectivity.

■ INTRODUCTION
Phosphinimines (R3P�N−R′) have been exploited both as
ligands for stabilizing main group compounds and for their
utility as intermediates in organic syntheses.1,2 Hydrolysis of
the P�N bond offers a mild method of reducing azides to
primary amines, while a reaction of a phosphinimine with a
carbonyl compound can provide access to C�N bond
formation via an aza-Wittig reaction (Scheme 1).3 The
electronic structure and multiple bond character resulting
from negative hyperconjugation of a phosphinimine P−N
bond is comparable to a P−C bond in a phosphonium ylide,
while the nitrogen atom of phosphinimines also bears a similar
basicity with the class of strongly π-donating N-heterocyclic
imines (NHI).1,4−6

Arguably, the most versatile reaction for the synthesis of
phosphinimines is the Staudinger reaction of organic azides
with tertiary phosphines.7,8 Computational and experimental
evidence suggests the Staudinger reaction often proceeds via
ring-closure of a cis-phosphazide (R3P+−N�N−N−−R′)
intermediate to a 4-membered transition state, followed by
liberation of N2 as the key enthalpic and entropic driving force
for the reaction.7,9−15 An alternative one-step pathway has also
been suggested in some instances involving electron-deficient
phosphines.9 The use of an electron-deficient azide, more
nucleophilic phosphine, or more polar solvents have all been
demonstrated to increase the reaction rate, while electron-
donating groups on the azide hinder the reaction.10 Staudinger

reactions of P(III) (azido)phosphines (R2P−N3) have also
been reported, but their ambiphilic nature can result in
spontaneous decomposition to oligomeric phosphazenes
(RP�N)n, and the reactivity can be attenuated by steric
protection or by electron delocalization.16 The ambiphilic
nature of azidophosphines is also demonstrated by their ability
to form a R2P−N�PR3 motif or their reaction with an
electrophilic azide to produce R2P(NPh)(N3).

8,16,17 Bis-
(azido)phosphines are scarcely reported due to poor thermal
stability but have been isolated either using N-aryl18 or cationic
imidazolium ligands.19 Phosphorus(V) bis(azido)phosphines
are intriguing because the conversion of the first azide to a
strongly π-donating phosphinimine has been reported to
influence the ability of the remaining azide to perform a
subsequent Staudinger reaction. For example (Scheme 2),
Et2N(N3)2P�NPh may perform two subsequent unimpeded
Staudinger reactions with PPh3 to produce Et2N(N�
PPh3)2P�NPh,20 whereas SP(N3)2(NPPh3) will only react
with one more equivalent of PPh3 to produce SP(N�
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Ph3)2(N3),
21 which bears an azide resilient to subsequent

Staudinger reactivity.
Azidophosphines have functioned as precursors to interest-

ing phosphorus species (Scheme 3), including an NHI-
supported phosphine,22 a bis(NHI)-supported phosphinoni-
trene (R2P�N),23−25 phosphinidene (R−P),26 phosphinidene
chalcogenide (RP�Ch),27 phosphorus mononitride (P�

N),28−30 and a phosphorus-substituted triazole via a click
reaction.29

We sought to explore the synthesis of phosphorus species
containing both a π-donating phosphinimine ligand and a
bulky, π-donating NHI ligand to prepare electron-rich
phosphines. Electron-rich phosphine ligands have already
demonstrated their application as ligands in catalytic trans-
formations,31,32 and P-stereogenic phosphines further hold
promise as ligands in asymmetric catalysis.33 This work
demonstrates the potential of NHI-supported bis(azido)-
phosphines to undergo chemoselective Staudinger reactions
with both tertiary or secondary phosphines to generate
modular mono(azido)phosphines. A combination of DFT-
optimized structures, Kohn−Sham orbitals, and charge
analyses reveal subtle changes that explain the observed
chemoselectivity in the P(V) family. This work highlights the
stabilizing nature of the bulky NHI ligand for bottleable
bis(azido)phosphines and provides an approach for preparing
P-chiral phosphines bearing an azide handle.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Bis(azido)-

phosphine Compounds. A series of P(III) and P(V)
bis(azido)phosphines were prepared (Scheme 4). Salt meta-
thesis reactions of IPrNPCl2 (1) with an excess of NaN3 in
acetonitrile, followed by an extraction using benzene, allowed
for the facile production and the isolation of IPrNP(N3)2 (2).

Scheme 1. General Scheme for a Staudinger Reaction to Produce a Phosphinimine with Hydrolysis to an Amine (A) and the
Aza-Wittig Reaction (B)

Scheme 2. Comparative Staudinger Reactivities of P(V)
Bis(azido)phosphines20,21a

aBis(azido)phosphine in part (A) can react with two equivalents of
PPh3. Bis(azido)phosphine in part (B) can react with only one
equivalent PPh3.

Scheme 3. Select examples of transformations of Azidophosphines
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Trimethylsilylazide (Me3SiN3) was also explored as a method
of synthesizing compound 2 but was found to concurrently
generate mixtures of 2 (δP = 123), a transient species IPrP(N3)
Cl (2′; δP = 148), and a bis(azido)(trimethylsilyliminyl)-
phosphine 3 (IPrNP(NSiMe3)(N3)2; δP = −28).16,34 The
ambiphilic nature of 2 was noted by the spontaneous
decomposition to a complex mixture of species in THF, likely
containing oligomers of P−(N−P)n motifs via Staudinger
reactions, while decomposition of 2 was much slower in less
polar aromatic solvents (i.e., benzene or toluene). Using
aromatic solvents allowed for longer time scale reactions to be
performed at or below room temperature (i.e., in the syntheses
of 4Ch, 7).
Bis(azido)phosphine chalcogenides (4Ch, Scheme 4) were

subsequently prepared. Compound 4S was prepared by
sulfurization of a standing solution of 2 in toluene using
one-eighth molar equivalents of S8 at −30 °C for 5 days. In an
analogous manner, selenation of 2 was performed in toluene
but over 7 days of stirring at room temperature due to the low
solubility of elemental selenium in toluene. Sulfurization of 2
to 4S was later optimized to small batches (<500 mg) in
CH2Cl2 at room temperature, requiring only 30 min of
reaction time for complete conversion.35 Removal of trace
unreacted sulfur from 4S required successive triturations with
pentane, cyclohexane, and Et2O, followed by recrystallization
of the bulk material from Et2O. The poor solubility of
elemental selenium allowed for the isolation of 4Se simply by
filtration and recrystallization from Et2O. Fourier transform
infrared spectroscopy (FT-IR) spectra of 2, 3, and 4Ch
confirmed the presence of azides with asymmetric stretching
bands between 2083 and 2140 cm−1 (Section S2).26 To detect
any unreacted sulfur in the crude reaction mixture of 4S in
CH2Cl2, a qualitative assay was employed wherein PPh3 was
introduced to a disposable sample. The emergence of SPPh3
(δP = 43) within 15 min served as an indication of the presence
of residual sulfur. Isolated yields of 4S were subsequently
improved by the incorporation of this qualitative test, by which
small quantities of either S8 or 2 were added to the principal

reaction mixture until a tested assay showed no detectable
trace of either SPPh3 or 2 by 31P {1H} NMR spectroscopy.
Following an initial attempt at oxidation of 2 using pyridine

N-oxide, which was extremely sluggish and resulted in the
formation of multiple new phosphorus species in solution, dry
gaseous O2 or mCPBA was explored as the oxidant. Further
resistance to oxidation by O2 was noted of compound 2
following a brief exposure via bubbling of dry O2 into a
solution of 2 in C6D6 for 10 min, which did not result in any
detectable change by 31P {1H} NMR spectroscopy. Never-
theless, pressurizing a J-Young NMR tube containing a
degassed C6D6 solution of 2 with O2 (1.5 atm) slowly resulted
in approximately 50% conversion to 4O after 6 days (δP =
−11) with concomitant formation of multiple minor
unidentifiable species (Figure S27). Compound 4O was also
identified as the major product by oxidation of 2 using
mCPBA, though it could not be isolated as a pure compound.
Oxidation of NHI-supported phosphines has been demon-
strated to proceed cleanly with N2O.

36 The slow oxidation of
2, however, can be rationalized from the large P−Se coupling
constant of 4Se (1JP−Se = 990 Hz), which suggests that the
parent compound 2 may be even less basic than P(OMe)3.

37

Oxidation of 2 to 4Ch was accompanied by a phosphorus
resonance shifted to lower frequency (2: δP = 123; 4S: δP = 41;
4Se: δP = 30, 1JP−Se= 990 Hz; 4O= δP = −11, c.f. OP(NMe2)3
δP = −23.438) and an NHI-backbone proton resonance shifted
to higher frequency (2: δ = 5.91; 4S: δ = 6.06; 4Se δ = 6.07;
4O: δ = 6.04). This resulted from an increased π-donation
from the NHI and exocyclic nitrogen in 4Ch, as the NHC ring
accumulated aromatic and zwitterionic character. Oxidation
with SiMe3N3 to 3 resulted in an even more deshielded
phosphorus center (δP = −28), without appreciable change to
2 in the NHI-backbone resonance (δ = 5.93) and was
indicative of a lower degree of zwitterionic character.

Staudinger Reactivity of Bis(azido)phosphines. Race-
mic mixtures of chiral phosphines 5R were prepared from
benzene solutions of compound 4S by the addition of
stoichiometric equivalents of PR3 (where R = Me, Cy, or

Scheme 4. Synthetic Routes to Bis(azido)phosphines 2, 3, and 4Ch (Ch = O, S, Se)
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Ph) at room temperature. The rate of reaction for each
derivative was correlated with the nucleophilicity of the
respective phosphine.39 Higher than stoichiometric tertiary
phosphine loadings at ambient temperature resulted in an
increased reaction rate and, surprisingly, did not induce a
second Staudinger reaction in any of the experiments
conducted. The selective formation of products 5R resulting
from a single Staudinger reaction was confirmed via multiple
spectroscopic methods (see Section S2): (a) a comparison of
NHI-backbone protons’ resonance with the phosphinimine
substituents’ (N�PR3) integrations in the 1H NMR spectra;
(b) integration of the 31P {1H} spectra that characteristically
contained two doublets in a 1:1 ratio, with coupling constants
consistent with a 2JP−P coupling;

40 (c) stretching modes of
unreacted azide functional groups using FT-IR spectroscopy;
(d) via electrospray ionization−mass spectroscopy (ESI-MS)
detection of the expected molecular ion peak and Na+/K+
adducts; and, (e) structural confirmation of 5Cy by SC-XRD
(vide infra, Figure 1) along with the 1H and 31P {1H} NMR
spectroscopic fingerprinting of the crystals compared with the
bulk powder. For the synthesis of 5Me, excess PMe3 was
removed in vacuo; however, the removal of nonvolatile
phosphines from 5Cy and 5Ph necessitated multiple triturations,
which contributed to low isolated yields, despite their near-
quantitative conversion, as noted by 31P {1H} NMR spectros-
copy of reaction mixture samples (Figures S42 and S50). PCy3
was found to be sufficiently nucleophilic to achieve complete
conversion of 4S to 5Cy within 2 days when a stoichiometric

loading was used. We discovered an alternative purification
method for species 5Cy, 5Ph, and 6a/6b (vide infra) that
consisted of recrystallization from their respective concentrated
hot pentane or hexane solutions. Reactions of 4S with
phosphines containing a P−Cl bond were not selective, likely
because of N3−/Cl− exchange that resulted in the formation of
complex mixtures.41

HPCy2 was also evaluated for Staudinger-type reactivity with
4S, and the reaction was found to give rise to two species in
solution (6a and 6b). 1D- and 2D NMR spectroscopic
experiments supported the identities of compounds 6a and 6b,
which were formed in approximately 2:1 ratio in solution. The
P(V)-N�P(V)(H) functionality of 6a is hallmarked by a
doublet-of-doublet-of triplets in the 1H NMR spectrum at δ =
6.27 (1JP−H = 432 Hz; 3JP−H = 12.2 Hz; 3JH−H = 3.2 Hz), while
the N−H signal of the tautomerized species 6b with P(V)-
N(H)-P(III) connectivity appeared as a broad doublet of
doublets at δ = 2.77 (Figure S51). Signals for 6b in the 31P
{1H} and 31P NMR spectra (Figures S55 and S56) are at
higher frequency than 6a and exhibited greater P−P coupling
(δP = 45 and 43, 2JP−P = 56 Hz) than 6a (δP = 39 and 24, 2JP−P
= 12 Hz), also exhibited larger coupling than the P(V)−N-
P(V) coupled compounds 5−7,42,43 and are slightly lower than
P(V)−N-P(III) coupled compound 7 (2JP−P = 69 Hz).

44−46

P−H connectivity of 6a was evident in 31P NMR spectrum
from a pair of broad resonances about 24.4 ppm separated by
432 Hz (Figure S57). Chemical exchange of 6a and 6b was
observed by cross peaks in 31P−31P EXSY at room temperature

Figure 1. ORTEP drawing of 2, 4S, 4Se, and 5Cy. Hydrogen atoms have been omitted for clarity, and selected ellipsoids are shown at the 50%
probability level. Azido, imino, and phosphinimino nitrogen atoms, phosphorus atoms, and chalcogen labels have been displayed.

Scheme 5. Chemoselective Staudinger Reactivity of Compound 4S with Tertiary and Secondary Phosphines (Left) and
Example of Tautomerization via Hydride Shift (Right)
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(Figure S67), supporting the proposed tautomerization.
Examples of imine/amine isomerization have been reported
for P-alkoxyphosphaazo compounds that readily rearrange and
are dependent on the length of the chain,8 tautomerization of
bis(amino)cyclodiphosph(V)azene and bis(imino)-
cyclophosph(V)azane via 1,3-hydride shift (Scheme 5,
right),47 and P,O-chelating sulfonamidophosphorus ligands,48

which have been used in heterocyclic activation of H2.
49

Compound 2 was observed to undergo Staudinger reactions
with exogenous PMe3 to generate compound 7 in solution via
a chemoselective selective single Staudinger reaction. Acknowl-
edging the ambiphilic nature and instability of 2 in solution,
the decomposition via oligomerization was attenuated with the
addition of a large excess (approximately 20 molar equivalents)
of PMe3, which allowed for complete consumption of 2 within
3 h at room temperature to produce 7 as the major species
(approximately 80% of normalized 31P {1H} NMR integra-
tions). Attempts to purify compound 7 using hexane washes
were complicated by the thermal decomposition of 7 to an
unknown major species containing a P−H bond (1JP−H = 560
Hz) (Section S3). Lyophilization from a frozen benzene matrix
could be used to remove excess PMe3 from the sample while
minimizing thermal decomposition of 7, although a few minor
uncharacterized species remain detectable in the baseline of
the 31P {1H} NMR spectra (Figure S72). Compound 7 readily
dissolved in chlorinated solvents but was unstable and rapidly
decomposed to a mixture of phosphorus-containing species. A
sample of 7 in C6D6 was stored in a foil-wrapped J-Young
NMR tube at ambient temperature and monitored periodically
over 3 days. In the absence of PMe3, the species gradually
decomposed to yield the same 31P {1H} signals encountered
after the washing of crude 7 with hexanes. FT-IR spectroscopic
analysis of the lyophilized material confirmed that compound 7
is an azidophosphine by the presence of an intense N3-
asymmetric stretching band at 2127 cm−1 with two

accompanying combination bands at 2064 and 1999 cm−1

(Figure S73).
Unlike the species 2−6, which were stable in acetonitrile for

ESI-HRMS analysis, the apparent instability of 7 in polar
solvents resulted in the evasion of [M + 1], [M + Na], and [M
+ K] m/z ions from detection. The ambiphilic nature of 7,
however, resulted in the detection of a molecular ion fragment
that matched for the product of a Staudinger reaction of two
stoichiometric equivalents of 7 ([2·7-N2]+), in addition to [7-
N3]+. To provide more evidence toward the identity of 7, a 50-
fold excess of S8 was added to 7 in C6D6 to produce two
doublets in 31P {1H} NMR spectrum matching for 5Me within
10 min (Scheme 6 and Figure S82). Gratifyingly, the dilution
of this reaction mixture using acetonitrile and subsequent
filtration of the cloudy mixture allowed for the detection of the
characteristic molecular ion signals for 5Me via ESI-HRMS
(Figures S83 and S84 and Table S1). This experiment also
confirmed that the central phosphorus atom of 7 adopted
some nucleophilic character.

X-ray Crystallography. The family of P(III) (2) and P(V)
(4S or 4Se) bis(azido)phosphines, as well as the Staudinger
product 5Cy, were analyzed via single-crystal X-ray diffraction
and are visualized in Figure 1. Compound 2 exhibited
tetrahedral geometry, while 4S and 4Se exhibited trigonal
pyramidal geometries at the central phosphorus. The average
P−Nazide bond length for 2 was 1.77 Å, while the more
electron-deficient P(V) species 4S and 4Se possessed average
P−Nazide lengths of 1.72 Å. This suggested the bis(azido)-
phosphine species developed a slightly higher P−Nazide bond
order upon oxidation. More significant contractions of the P−
NNHI bond lengths were apparent when comparing 2
(1.6290(15) Å) to the oxidized species 4S and 4Se
(1.5750(13) and 1.5758(16) Å), respectively, as compared
to the P−N bonds in triphenylphosphonium-substituted
phosphinimines that range from 1.54 to 1.64 Å (∑ (covalent

Scheme 6. Chemoselective Staudinger Reactivity of 7 with PMe3 and Alternate Synthetic Route to 5Me

Figure 2. TGA plot of compounds 2, 4S, and 5Me [10 °C/min, performed in air under flow of N2 (10 mL/min)].
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radii) P�N = 1.62 Å).40 Compounds 2, 4S, and 4Se clearly
exhibited P−NNHI multiple bond character.
The structure and chirality of 5Cy were confirmed as the

species crystallized as a racemic mixture within the P21/n space
group. Comparing the structures of 5Cy to 4S revealed an
elongated P−S (0.028 Å), P−NNHI (0.025 Å), and P−NN3 (ca.
0.042 Å, averaged), while the remaining P−N bond (which
underwent an azide to phosphinimine conversion) experienced
a significant contraction by 0.15 Å (averaged). The electronic
similarity of the phosphinimine and NHI ligands is evident in
both the P−NNHI and P−NPCy3 bond lengths (1.6001(11) and
1.5933(11) Å) and in the P−N−C and P−N−P bond angles
(132.41(8) and 137.94(7)°).
Thermogravimetric analysis (TGA, Figure 2) of compound

2 revealed that a rapid mass loss of 16.5% occurred at 93 °C
and is consistent with the loss of three stoichiometric
equivalents of N2 (theoretical = 16.2%). Following this
event, the mass remained constant (<±0.5%) until approx-
imately 194 °C. This suggested that compound 2 may be used
as a precursor for phosphinidene chemistry in subsequent
studies.26,50 Compounds 4S and 5Me were observed to undergo
a mass loss equivalent to one N2 moiety at higher temperatures
than 2 (186 and 196 °C, respectively), and the traces for 4S
and 5Me did not suggest the formation of a stable intermediate
via N2 evolution. A melting point analysis of 4S in a sealed
capillary resulted in darkening between 135−145 °C that was
indicative of decomposition. In comparison to bulky
azidophosphines (R2P−N3) supported by tetramethylpiperidyl
and/or dimethylpiperidyl ligands, which were reported to
decompose between 50 and 60 °C,51 species 2 and 4Ch are
considerably more thermally stable.

Computational Investigation. To assess the experimen-
tally observed selectivity, a computational study was under-
taken on the progression of species 4S from its initial bisazide
state (labeled I) to the monoazide state 5Me (labeled II) and,
finally, into the hypothetical, doubly reacted, species III
(Figure 3). As might be expected, both azide groups of I were

equally favorable to initiate the reaction, with no notable
differences between the two species, such that the selectivity
cannot be explained through a single predetermined
preferential azide available attack by the PMe3. This is in
agreement with the crystalographic results, which shows both
enantiomers of monoazide species 5Me are produced.
Optimized structures I−III possessed a P−S bond that was

twisted nearly 90° out of the plane of the NHI moiety. The
highest occupied molecular orbital (HOMO) for species I
(−5.992 eV) and II (−5.246 eV) were all found to be
composed of NHI π-symmetric and sulfur lone pair character
(Figure 4A,B), which suggests a nucleophilic sulfur may be
amenable to further functionalization. The distinct difference

between species I and II is in the N3 π* and P−S σ* character
found in the LUMO level (−0.98 eV) of I, but not until
LUMO + 4 (−0.023 eV) in II (Figure 4C,D). We propose the
electronic inaccessibility of this N3 π* system as the main
driver of the observed chemoselectivity. To test this hypothesis
further, we looked at the resilient azide species IV21 shown in
Scheme 2 and Figure 3. This analysis revealed no significant N3
π* system was observed until the LUMO + 12 (0.081 eV;
Section S4).

■ CONCLUSIONS
We report the formation of P(III) and P(V) bis(azido)-
phosphine and bis(azido)phosphine chalcogenides, which
undergo chemoselective Staudinger reactions to produce chiral
(NHI)(azido)(phosphinimine)phosphine or (NHI)(azido)-
(phosphinimine)phosphine chalcogenide at room temperature.
The reactions of both 2 and 4S with stoichiometric excessive
loadings of PMe3 were found to selectively react only once to
produce 7 and 5Me. Cy2PH was nucleophilic enough to react
with 4S, and the equilibrium nature of the product was
confirmed by 31P−31P EXSY. Species 5R and 6 were more
thermally resilient than species 7, which allowed recrystalliza-
tion and purification from hot pentane/hexanes. Compound 7
decomposed at room temperature and generated an unknown
species containing a P−H bond, as indicated by a coupling
constant of 560 Hz. DFT calculations were used to offer
reasoning for the chemoselectivity of 4S with PMe3. Kohn−
Sham orbitals of the mono- and bis(azido) species reveal a
sharp contrast in energetic accessibility of N3 antibonding
character. The inaccessibility of the resilient azide of II was
also found for the known literature example of species V and
explains the observed chemoselectivity of 4S with various aryl
and alkyl phosphines.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were conducted

under an inert atmosphere using a nitrogen-filled glovebox or using
standard Schlenk techniques. All glassware was oven-dried prior to
use. All solvents were purchased from Caledon, Sigma-Aldrich, or Alfa
Aesar and dried using an MBraun controlled atmosphere solvent
purification system and then stored in an N2-filled glovebox
atmosphere over 3 or 4 Å molecular sieves. C6D6 and CDCl3 were
purchased from Sigma-Aldrich and predried by refluxing over CaH2,
followed by distillation and degassing by multiple freeze−pump−thaw
cycles, and finally stored over 4 Å molecular sieves under an N2
atmosphere. Synthesis of IPr*HCl,59,60 IPr,59 and IPrNSiMe361 were
prepared following literature procedures and recrystallized from
concentrated solutions of ethanol, toluene, and pentane, respectively.
Synthesis of IPrNPCl2 was prepared and isolated using a slightly
modified procedure.22

Safety Statement! Covalent azides pose an explosion risk and
should be handled with extreme caution! Rigorous exclusion of water
from samples should be prioritized, and use of halogenated solvents
should be avoided when possible due to the possibility of forming
hydrazoic acid or di(azido)methane.62 All syntheses were performed
on a submillimole scale for safety. While we never experienced any
ignition or detonation while handling these species, caution should be
taken to minimize exposure to shock, spark, or light. We recommend
the use of a plastic spatula, electrical grounding, and a general
avoidance of ground glass joints while handling these materials. The
following reactions should not be scaled up without appropriate
information regarding the shock or abrasion sensitivity of the
azidophosphines.
All computational simulations were undertaken with the ORCA

(v5.0.4) software.63 Geometry optimizations were performed using
the Becke three-parameter Lee−Yang−Parr (B3LYP) density func-

Figure 3. Molecular structures studied by DFT.
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tional52−55 and the def2-TZVP basis set.56 Atom-pairwise dispersion
correction (D4) was used.57,58 Optimized structures were confirmed
to be local minima by ensuring no imaginary frequencies were
obtained.

Modified Synthesis of IPrNPCl2. IPrNSiMe3 (1.466 g, 3.08 mmol)
was dissolved in 20 mL of toluene, followed by PCl3 (0.30 mL, 3.4
mmol). NEt3 (0.04 mL 0.3 mmol) was then added dropwise. A bright
yellow solid forms initially, but prolonged stirring results in a gradual
color change to an off-white slurry. The mixture was stirred for 16 h at
room temperature, and then volatiles were removed. The residue was
reconstituted in 15 mL of THF, centrifuged, decanted, and washed
again with THF (5 mL). Decanted THF solutions were combined,
and volatiles were removed again, resulting in the isolation of an off-
white, slightly yellow powder (1.426 g, 2.826 mmol, 92% yield). The
purity of the resulting off-white powder was assessed by 1H and 31P
{1H} NMR spectroscopy to be suitable for further reactions.
Recrystallization from concentrated THF solutions at −30 °C could
also be performed to increase purity if deemed necessary.

Synthesis of IPrNP(N3)2 (2). Method 1. IPrNPCl2 (1.00 g, 1.98
mmol) was dissolved in 20 mL of acetonitrile, and then sodium azide
(0.50 g, 7.7 mmol) was added in portions to a stirring solution. After
4 h, volatiles were removed, and then the residue was resuspended in
10 mL benzene, centrifuged, and decanted. Removal of volatiles
results in the isolation of a white powder (0.776 g, 76% yield).

Method 2. IPrNPCl2 (0.400 g, 0.9 mmol) was dissolved in 15 mL
of toluene at room temperature, and neat SiMe3N3 (240 μL 1.8
mmol) was added dropwise over 5 min. The mixture was allowed to
stir at room temperature for 3 days while periodically monitoring the
reaction progress via 31P {1H} NMR spectroscopy. Note (A)
IPrNP(N3)Cl (2′) formed in situ can be detected at δ = 149 ppm.
Note (B) the crude product obtained via this method consistently
formed with concurrent generation of 3 at −28 ppm [IPrNP-
(NSiMe3)(N3)2].
1H NMR (400 MHz, C6D6) δ = 7.23 (t, 2H, p-H, 7.8 Hz), 7.08 (d,
4H, m-H, 7.8 Hz), 5.91 (s, 2H, N(CH)2N). 2.88 (sept, 4H,
CH(CH3)2,, 6.8 Hz), 1.37 (d, 12H, CH3, 6.8 Hz), 1.09 (d, 12H, CH3,
6.8 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 147.7 (d,
NC(NP)N, 27 Hz), 146.9 (o-C), 131.9 (ipso-C), 130.6 (p-C), 124.0
(m-C), 115.7 (N(CH)2N), 29.0 (CH(CH3)2), 24.4 (CH3), 22.6
(CH3). 31P {1H} NMR (162 MHz, C6D6) δ = 123.1. FT-IR (KBr

pellet, cm−1) 2110 and 2083. ESI-MS (m/z) 518.2885 [2 + H:
518.2904 expected], 540.2705 [2·Na: 540.2723 expected].

Synthesis of IPrNP(NSiMe3)(N3)2 (3). To a stirred solution of
IPrNPCl2 (71.1 mg, 0.139 mmol) in 5 mL of toluene, an excess of
SiMe3N3 (74 μL, 0.556 mmol) was added dropwise. The resulting
mixture was then stirred at room temperature over 4 days with
periodic monitoring via 31P NMR spectroscopy. Removal of volatiles
under reduced pressure resulted in the isolation of white powder of
suitable purity by 1H and 31P {1H} NMR spectroscopy (0.0954 g,
0.12 mmol, 84% yield).
1H NMR (400 MHz, C6D6) δ = 7.22 (t, 2H, p-H, 7.7 Hz), 7.10 (d,
4H, m-H, 7.6 Hz), 5.93 (s, 2H, N(CH)2N), 2.88 (sept, 4H,
CH(CH3)2, 6.8 Hz), 1.43 (d, 12H, CH3, 6.8 Hz), 1.07 (d, 12H, CH3,
6.8 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 146.6 (o-C), 131.9
(ipso-C), 130.5 (p-C), 124.0 (m-C), 116.3 (N(CH)2N), 28.9
(CH(CH3)2), 24.4 (CH3), 23.0 (CH3), 3.48 (d, Si(CH3)3, 3JP−C =
5.3 Hz). [NCN not observed]. 31P {1H} NMR (162 MHz, C6D6) δ =
−28.9. FT-IR (ATR, cm−1) 2140 and 2116 ESI-MS (m/z) 605.3387
[3 + H: 605.3408 expected], 627.3221 [3·Na: 627.3228 expected],
643.2963 [3·K: 643.2967 expected].

Synthesis of IPrNPS(N3)2 (4S). A solution of S8 (21.0 mg, 0.0820
mmol) in 2 mL of CH2Cl2 was added to a solution of 2 (0.342g, 0.661
mmol) in 12 mL of CH2Cl2, and the vial was rinsed with one
additional mL of CH2Cl2. The mixture was stirred at room
temperature for 30 min, and then volatiles were removed. The
residue was rinsed with 5 mL cyclohexane and decanted, and volatiles
were removed. (0.353 g, 0.642 mmol, 95% yield).
Method 2: S8 (31.2 mg, 0.122 mmol) was added to a solution of 2

(0.4793g, 0.926 mmol) in 15 mL of toluene, and the mixture was
allowed to sit at −30 °C for 7 days, monitoring conversion by 31P
NMR aliquots. Volatiles were then removed, and the solids were
triturated with 0.5 mL portions of cold Et2O and pentane and
recrystallized from Et2O. (0.28 g, 0.51 mmol, 55% yield).
As an aside, a qualitative test for the presence of residual sulfur was

carried out by the addition of PPh3 to a CDCl3 or CH2Cl2 solution of
a sacrificial sample of 4S, which lead to the rapid development of
SPPh3 (δ31P = 42.7) if any unreacted sulfur remained.35
1H NMR (400 MHz, C6D6) δ = 7.21 (dd, 2H, p-H, 7.7 Hz), 7.09 (d,
4H, m-H, 7.7 Hz), 6.06 (s, 2H, N(CH)2N), 2.95 (sept, 4H,
CH(CH3)2, 6.9 Hz), 1.45 (d, 12H, CH3, 6.8 Hz), 1.04 (d, 12H, CH3,

Figure 4. Kohn−Sham orbitals of I and II at the B3LYP/Def2-TZVP level of theory52−56 with D4 dispersion correction.57,58 Yellow color
illustrates the negative phase, and blue illustrates the positive phase of orbitals. The HOMO of I (A) and II (B). The N3 π* character seen in I at
the LUMO (−0.98 eV) level (C) is not observed until the LUMO+4 (−0.023 eV) level in II (D). Hydrogen atoms have been omitted for clarity.
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6.8 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 146.7 (o-C), 145.8
(d, NCN, 12 Hz), 131.5 (ipso), 130.7 (p-H), 124.2 (m-C), 117.0
(N(CH)2)N, 28.9 (CH(CH3)2), 24.9 (CH3), 23.1 (CH3). 31P {1H}
NMR (162 MHz, C6D6) δ = 40.7. FT-IR (KBr pellet, cm−1) 2134.
ESI-MS (m/z) 572.2455 [4S·Na: 572.2444 expected], 588.2216 [4S·
K: 588.2148 expected]. Elemental Analysis Calculated C 59.00; H
6.60; N 22.93; S 5.83. Found C 59.52; H 6.45; N 22.1; S 5.44.

Synthesis of IPrNPSe(N3)2 (4Se). Selenium powder (85 mg, 1.1
mmol) was added in portions to a stirred solution of 2 (517.6 mg,
0.17 mol) in 5 mL of toluene. The mixture was allowed to stir at room
temperature for 7 days. The solution was filtered, and volatiles were
removed in vacuo. Recrystallization from Et2O/pentane resulted in the
isolation of clear-colorless crystals suitable for X-ray diffraction
studies. (45 mg, 0.075 mmol, 45% yield).
1H NMR (400 MHz, C6D6) δ = 7.25−7.08 (multiplet, 2H, p-H), 7.09
(multiplet, 4H, m-H), 6.07 (s, 2H, N(CH)2N), 2.97 (septet, 4H,
CH(CH3)2, 6.8 Hz), 1.47 (d, 12H, CH(CH3)2, 6.8 Hz), 1.03 (d, 12H,
CH(CH3)2, 6.8 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 146.6
(o-C), 131.5 (ipso), 130.7(p-C), 124.3 (m-C), 117.2 (N(CH)2N),
28.9 (CH(CH3)2), 25.0 (CH3), 23.2 (CH3). 31P {1H} NMR (162
MHz, C6D6) δ = 30.0 (1JP−Se = 891 Hz). FT-IR (KBr pellet, cm−1)
2132. ESI-MS (m/z) 598.2050 [4Se + H: 598.2069 expected],
620.1909 [4Se·Na: 620.1889 expected], 636.1659 [4Se·K: 636.1628
expected].

Synthesis of IPrNPO(N3)2 (4O). Method 1. A 0.5 mL C6D6 solution
of 2 (10 mg, 0.19 mmol) was charged in a J-Young NMR tube. The
sample was frozen and degassed three times, and the tube was
evacuated a final time. O2 gas was purged for 10 min and passed over
the CaH2 drying tube before connecting the J-young NMR tube and
pressurizing J-Young with 1.5 atm O2. The reaction was left at room
temperature and wrapped in foil for 1 week.

Method 2. A solution of 2 in C6D6 was prepared in a nitrogen-filled
glovebox and was exposed to air momentarily outside the glovebox
during an addition of a couple of crystals of mCPBA via a spatula to
the open NMR tube. NMR spectrum was collected within 15 min at
room temperature, and it showed the formation of two major species.
The sample decomposed to crystalline [IPrNH2]+ salts upon attempts
to recrystallize species.
1H NMR (400 MHz, C6D6) δ = 7.23 (t, 2H, p-H, 7.5 Hz), 7.11 (d,
4H, m-H, 7.5 Hz), 6.04 (s, 2H, N(CH)2N), 2.85 (septet, 4H,
CH(CH3)2, 6.4 Hz,), 1.44 (d, 12H, CH(CH3)2, 6.4 Hz), 1.07(d, 12H,
CH(CH3)2, 6.4 Hz,). 13C {1H} NMR (100.6 MHz, C6D6) δ = 146.8
(o-C), 145.8 (NCN, 2JP−C = 10.9 Hz), 131.4 (ipso), 130.7(p-H),
124.1 (m-C), 116.5 (N(CH)2N), 29.0 (CH(CH3)2), 24.5 (CH3), 22.8
(CH3). 31P {1H} NMR (162 MHz, C6D6) δ = −11.3

Synthesis of IPrNP(S)(N3)(NPMe3) (5Me). To a solution of 4S
(0.055 g, 0.1 mmol) in 2 mL of toluene, PMe3 (32 μL, 0.32 mmol)
was added neat and allowed to stir at room temperature until
complete consumption of 4S was determined by 31P NMR analysis.
The removal of volatiles in vacuo, followed by trituration with a
minimal amount of pentane, resulted in the isolation of an off-white,
sticky residue (0.0413 g, 69% yield).
1H NMR (400 MHz, C6D6) δ = 7.22 (multiplet, 2H, p-H), 7.15
(multiplet, 4H, m-H), 6.11 (s, 2H, N(CH)2N), 3.28 (septet, 4H,
CH(CH3)2, 6.6 Hz), 1.62 (d, 6H, CH3, 6.6 Hz), 1.58 (d, 6H, CH3,
6.6 Hz), 1.74 (d, 6H*, CH3, 6.8 Hz), 1.15 (d, 6H*, CH3, 6.8 Hz) {*=
overlapped doublets; integration total equals 12 protons}, 0.78 (9H,
d, P(CH3)3, 13.3 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 147.6
(o-C), 147.4 (o-C), 145.0 (d, NCN, 10.6 Hz), 133.5 (ipso), 129.6 (p-
C), 123.8 (m-C), 123.8 (m-C), 116.1 (N(CH)2)N, 28.81 (CH3),
28.79 (CH3), 25.01 (CH3), 24.99 (CH3), 23.5 (d, P(CH3)3, 10.4 Hz).
31P {1H} NMR (162 MHz, C6D6) δ = 36.3 ([N]P(N3)(NPMe3), 17
Hz), 15.3 ([N]P(N3)(NPMe3), 17 Hz). FT-IR (KBr pellet, cm−1):
2113 ESI-MS (m/z) 598.3006 [5Me + H: 598.3005 expected],
620.2837 [5Me·Na: 620.2825 expected], 636.2580 [5Me·K: 636.2564
expected]. Elemental Analysis Calculated C 60.28; H 7.59; N 16.40;
S 5.36. Found C 60.71; H 7.47; N 15.20; S 5.06.

Synthesis of IPrNP(S)(N3)(NPCy3) (5Cy). To a solution of 4S (55
mg, 0.1 mmol) in 2 mL of benzene, PCy3 (30 mg, 0.11 mmol) was
added as a solution in 2 mL of benzene and stirred at room

temperature over 2 days. Removal of volatiles resulted in the isolation
of crude colorless sticky-oily residue. Recrystallization was performed
by suspension of the sticky residue in 8 mL of pentane, followed by
gentle heating, hot filtration through a Celite filter pipette,
concentrating the solution to approximately 4 mL in vacuo, and
then finally allowing the solution to sit undisturbed at −30 °C for 1
week. A few crystals were isolated and used for X-ray analysis. The
remaining crystals were decanted and dried under reduced pressure
(31 mg, 0.039 mmol. 39% yield).
1H NMR (400 MHz, CDCl3) δ = 7.40 (t, 2H, p-H, 7.8 Hz), 7.28−
7.24 (m, 4H, overlapped partially with CHCl3 signal, m-H), 6.52 (s,
2H, N(CH)2N), 3.15−3.01 (m, 4H, CH(CH3)2), 1.98−1.83 (m, 3H,
P−CH(C5H10)), 1.77−1.50 (m, 15H, Cy), 1.47−1.36 (overlapped
doublets, 12H, 6.6 Hz, CH3), 1.23−1.16 (overlapped doublets, 12H,
4.18 Hz, CH3). 13C {1H} NMR (100.6 MHz, C6D6) δ = 147.4 (o-C),
147.2 (o-C), 143.3 (NCN,[detected by heteronuclear multiple bond
correlation (HMBC) spectroscopy]), 133.3 (ipso), 129.4 (p-C),
123.71 (m-C), 123.67 (m-C), 116.3 (N(CH)2N), 34.6 (dd, P-Cy(H),
1JP−C = 58.3; 3JP−C = 5.2 Hz), 26.9 (d, Cy, 3JP−C = 11.4 Hz), 26.4 (dd,
Cy, 2JP−C = 6.4 Hz, 4JP−C = 1.8 Hz), 26.0 (P−CH(CH2)2CH2), 25.12
and 25.09 (CH3), 23.5 and 23.2 (CH3). 31P {1H} NMR (162 MHz,
C6D6) δ = 25.5 (d, PCy3, 30 Hz,) 25.1 (d, P(S)-N = P, 30 Hz,). FT-
IR (KBr pellet, cm−1) 2117 ESI-MS (m/z) 802.4895 [5Cy + H:
802.4883 expected], 803.4925 [5Cy + 2H: 803.4961 expected],
824.4699 [5Cy·Na: 824.4703 expected], 840.4438 [5Cy·K: 840.4442
expected].

Synthesis of IPrNP(S)(N3)(NPPh3) (5Ph). Method 1: A 1 mL
solution of PPh3 in C6D6 was added to 4S and sealed in a J-Young
NMR tube. The reaction was monitored periodically by 31P {1H}
NMR spectroscopy, and the sample was heated at 70 °C in an oil bath
until complete consumption of starting PPh3 and 4S evident via 31P
{1H} NMR spectroscopy. Volatiles were removed under vacuum to
result in the isolation of a sticky-oily residue. Trituration of this
residue with 5 × 1 mL of pentane resulted in collection of a fine white
powder. Method 2: Solid PPh3 (42.1 mg, 0.16 mmol) was added to a
stirring solution of 4S (55.0 mg, 0.1 mmol) in 2 mL of toluene at
room temperature for 3 weeks. Two sequential recrystallizations from
concentrated pentane solutions at −30 °C for 16 h and 2h,
respectively, allowed for the isolation of a fine white powder free of
PPh3 (25.1 mg, 34% yield).
1H NMR (400 MHz, C6D6) δ = 7.62 (dd, 4H, o-Ph, 6.9 and 17.2
Hz), 7.26 (t, 2H, p-H 7.6 Hz), 7.22 (d, 2H, o-H, 7.6 Hz), 7.15
(partially overlapped with solvent signal, 2H, o-H), 7.02 (partially
overlapped with PPh3, 3H), 6.98 (td, 6H, m-Ph, 2.8 Hz & 7.6 Hz),
6.14 (s, 2H, N(CH2)2N), 3.36 (septet, 2H, CH(CH3)2, 6.8 Hz,), 3.29
(septet, 2H, CH(CH3)2, 6.8 Hz), 1.60 (d, 6H, CH3, 6.8 Hz), 1.55 (d,
6H, CH3, 6.8 Hz), 1.18 (d, 6H, CH3, 7.6 Hz), 1.16 (d, 6H, CH3, 7.6
Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 147.5 (o-Dipp),
147.3(o-Dipp), 144.7 (confirmed by HMBC, NCN), 133.3 (ipso-
Dipp), 133.0 (d, o-Ph, 2JP−C = 10.6 Hz), 131.1 (d, 3JP−C = 3.0 Hz, m-
Ph), 129.6 (p-Dipp), 128.2 (d, ipso-Ph, 1JP−C = 17.0 Hz), 128.0 (br s,
p-Ph), 124.0 (m-Dipp), 123.9 (m-Dipp), 116.2 (N(CH)2N), 128.91
(CH(CH3)2), 128.89 (CH(CH3)2), 25.02 (CH(CH3)2), 24.97(CH-
(CH3)2), 23.6 (CH(CH3)2), 23.5 (CH(CH3)2). 31P {1H} NMR (162
MHz, C6D6) δ = 31.1 (d, 36 Hz), 5.0 (d, 36 Hz). FT-IR (KBr pellet,
cm−1) 2116 ESI-MS (m/z) 784.3520 [5Ph + H: 784.3475 expected],
785.3549 [5Ph + 2H: 785.3553 expected], 806.3330 [5Ph + Na:
806.3294 expected], 807.3371 [5Ph + H + Na: 807.3372 expected].

Synthesis of IPrNP(S)(N3)[NP(H)Cy2] (6a) and IPrNP(S)(N3)[N(H)-
PCy2] (6b). HPCy2 was added to a solution of 4S in benzene and
allowed to stir at room temperature over 2 days. Complete
consumption of 4S was determined via 31P {1H} NMR analysis.
The volatiles were removed in vacuo, followed by a resuspension of
the sticky residue in 8 mL of hot pentane. Hot filtration was
performed through a Celite filter pipette, and the filtrate was
subsequently concentrated approximately to 4 mL in vacuo. Storage of
the turbid solution at −30 °C for 1 week resulted in the formation of
spherical crystals, which were unsuitable for X-ray diffraction studies.
Note: due to the equilibrium of 6a and 6b in solution, we could not
unambiguously assign each signal, and resonances for the aryl, methyl,
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and cyclohexyl groups for both species are overlapping. Fortunately,
the backbone protons and P−H coupled signals are well separated
and easily observed. A combination of 2D NMR experimental spectra
allowed for the partial assignment of individual isopropyl groups. 6a
and 6b appear in a 2:1 ratio in C6D6. Due to the flexible nature and
the complexity of signals assigning cyclohexyl carbons, not all carbon
signals could be unambiguously assigned. Unambiguous signals
assignable via 2D correlational spectra are reported below for their
respective compounds. Ambiguously assigned “CH2” cyclohexyl
carbons were validated by phasing in heteronuclear single quantum
coherence (HSQC) experiment: 13C {1H} NMR (151 MHz, C6D6) δ
27.50, 27.48, 27.42, 27.40, 27.37, 27.33, 27.29, 27.25, 27.21, 27.16,
26.91, 26.86, 26.76, 26.64, 26.53, 26.52, 26.45, 26.42, 26.34, 26.26,
26.25, 26.18, 25.97, 25.85. FT-IR (KBr pellet, cm−1) 2124. ESI-MS
(m/z) 720.4078 [6 + H: expected 720.4101], 742.3898 [6+Na:
expected 742.3920], 758.3637 [6+K: expected 758.3659]. Elemental
Analysis Calculated C 65.05; H 8.26; N 13.62; S 4.45. Found C
66.07; H 8.34; N 13.44; S 4.07.
6a: 1H NMR (600 MHz, C6D6) δ = 7.29−7.23 (m (overlapped with
6b), 2H, p-Dipp), 7.22−7.12 (m (overlapped with 6b), 4H, m-Dipp),
6.27 (ddt, 1H, P−N = P(H), 1JP−H = 435.2 Hz, 3JP−H = 12.0 Hz, 3JH−H
= 3.4 Hz), 6.13 (s, 2H, (NCH)2), 3.38 (sept, 2H, CH(CH3)2, 6.7
Hz), 3.25 (sept, 2H, CH(CH3)2, 6.8 Hz), 1.66 (d (overlapped with
Cy resonances), 6H, CH3, 6.8 Hz), 1.58 (d (overlapped with Cy
resonances), 6H, CH3, 6.8 Hz), 1.17 (d (overlapped with Cy and 6b
methyl resonances), 6H, CH3, 6.8 Hz), 1.15 (d (overlapped with Cy
resonances), 6H, CH3, 6.8 Hz), 1.92−0.38 (m (overlapped with
methyl and pentane signals, 22H + 24H [43H] found when excluding
known regions of n-hexane and pentane). 13C {1H} NMR (151 MHz,
C6D6) δ = 147.9 (o-Dipp), 147.7 (o-Dipp), 145.8 (dd, NCN, 2JP−C =
11.2 Hz and 4JP−C = 2.8 Hz), 133.8 (ipso-Dipp), 130.05 (p-Dipp),
124.3 (overlapped with 6b, m-Dipp), 124.1 (m-Dipp), 116.7
(N(CH)2N), 33.8−33.4, multiplet, P−Ccy, 1JP−C approximately 28
Hz, 3JP−C approximately 4 Hz), 33.1 (dd, P−Ccy, 1JP−C = 31.6 Hz and
3JP−C = 4.3 Hz), 29.7 (d, P−CH(CH2)2, 2JP−C = 20.1 Hz), 29.3
([overlapped with 6b], CH(CH3)2), 29.1 ([overlapped with 6b],
CH(CH3)2), 28.9 (d, P−CH(CH2)2, 2JP−C = 20.1 Hz), 25.6 (CH3),
25.5 (CH3), 25.5(CH3), 25.3(CH3), 24.1 (CH3), 23.8 (CH3). 31P
{1H} (243 MHz, C6D6) δ = 39.1 (d, 1P, P(S), 2JP−P = 12.8 Hz), 24.4
(d, 1P, P(H)Cy2, 2JP−P = 12.8 Hz). 31P (243 MHz, C6D6) δ = 39.1
(dd, 1P, P(S), 2JP−P = 12.8 Hz, 3JP−H = 12.1 Hz), 24.4 (broad d, 1P,
P(H)Cy2, 1JP−H = 434 Hz).
6b: 1H NMR (600 MHz, C6D6) δ = 7.29−7.23 (m (overlapped with
6a), 2H, p-Dipp), 7.22−7.12 (m (overlapped with 6a), 4H, m-Dipp),
6.08 (s, 2H, (NCH)2), 3.20 (sept, 2H, CH(CH3)2, 6.8 Hz), 3.12
(sept, 2H, CH(CH3)2, 6.8 Hz), 2.77 (dd, 1H, PN(H)P, 2JP−H = 9.8
Hz & 2JP−H = 6.8 Hz), 1.60 (d (overlapped with Cy resonances), 6H,
CH3, 6.8 Hz), 1.57 (d (overlapped with Cy resonances), 6H, CH3, 6.8
Hz), 1.12 (d (overlapped with Cy and 6b methyl resonances), 6H,
CH3, 6.8 Hz), 1.09 (d (overlapped with Cy resonances), 6H, CH3, 6.8
Hz), 1.69−1.06 (m overlapped with methyl and pentane signals,
22H). 13C {1H} NMR (151 MHz, C6D6) δ = 147.6 (o-Dipp), 147.4
(o-Dipp), 147.1 (d, NCN, 2JP−C = 11.0 Hz), 133.1 (ipso-Dipp), 130.6
(p-Dipp), 124.5 (m-Dipp), 124.3 (overlapped with 6a, m-Dipp),
117.3 (N(CH)2N), 36.5 (dt, P−Ccy, 1JP−C = 16.3 Hz and 3JP−C = 4.7
Hz), 32.6 (d, P−CH(CH2)2, 2JP−C = 19.0 Hz), 30.2 (d, P−
CH(CH2)2, 2JP−C = 10.1 Hz), 29.3 ([overlapped with 6a],
CH(CH3)2), 29.1 ([overlapped with 6a], CH(CH3)2), 25.6 (CH3),
25.6 (CH3), 25.2 (CH3), 24.1 (CH3), 24.0 (CH3), 23.4 (CH3). 31P
{1H} (243 MHz, C6D6) δ = 45.7 (d, 1P, P(S), 2JP−P = 56.5 Hz),
43.8(d, 1P, PCy2, 2JP−P = 56.5 Hz). 31P (243 MHz, C6D6) δ = 45.7
(dd, 1P, P(S), 2JP−P = 56.5 Hz, 2JP−H = 9.6 Hz), 43.8 (broad d, 1P,
PCy2, 2JP−P = 56.5 Hz).

Synthesis of IPrNPN3NPMe3 (7). Method (1) To a solution of 2
(0.040g, 0.077 mmol) in 2 mL of benzene, a large excess of PMe3 (ca.
150 μL, 1.5 mmol) was added neat to the stirred solution. The
reaction progress was monitored by taking small aliquots for 31P {1H}
NMR spectroscopic analysis. Complete consumption of 2 was
reached within 3 h at room temperature, and then the solution was
subsequently placed into a freezer at −30 °C for 5 min. The frozen

mixture was quickly placed under vacuum within a precooled cold
well, and the excess PMe3 and solvent were removed while
maintaining a low temperature, resulting in the isolation of a very
pale yellow solid (0.030 g, 69% yield). Note: attempts to isolate 7
following analogous procedures to 5R using hexane washes resulted in
decomposition. Both the undissolved residue and the hexanes rising
contained the same decomposition product as the major species,
determined by 31P {1H} NMR spectroscopy.
1H NMR (400 MHz, C6D6) δ = 7.23 (t, 2H, p-Dipp, 7.0 Hz), 7.14−
7.05 (m, 4H, m-Dipp), 5.96 (s, 2H, N(CH2)2N), 3.33−3.17 (br m,
2H, CH(CH3)2), 3.17−3.04 (br m, 2H, CH(CH3)2), 1.52−1.43 (br
m, 12H, CH3, 9.2 Hz), 1.17 (d, 12H, CH3, 7.1 Hz), 0.80 (d, 9H,
NP(CH3)3, 13.7 Hz). 13C {1H} NMR (100.6 MHz, C6D6) δ = 147.9
(br s, o-Dipp), 147.2 (br s, o-Dipp), 146.7 (d, NCN, 18.1 Hz), 134.2
(s, ipso-Dipp), 129.5 (s, p-Dipp), 123.6 (br s, m-Dipp), 123.5 (br s,
m-Dipp), 115.1 (N(CH2)2N), 28.9 (br s, CH(CH3)2), 24.6 (s, CH3),
22.9 (br s, CH3), 22.6 (br s, CH3), 17.7 (dd, NP(CH3)3, 1JP−C = 65.7
Hz, 3JP−C = 5.7 Hz). 31P {1H} NMR (162 MHz, C6D6) 133.1 (d,
IPrN-P, 2JPP = 67 Hz), 11.4 (d, NP(CH3)3, 2JPP = 67 Hz). FT-IR
(KBr pellet, cm−1) 2127 (antisymmetric N3 stretch), 2064
(combination band of antisymmetric N3 stretch: 1260 and 803
cm−1), 1999 (combination band of antisymmetric N3 stretch: 1260
and 739 cm−1). ESI-MS (m/z) 523.3126 [M-N3: 523.3114 expected],
524.3158 [M + H − N3: 524.3192 expected], 1103.6465 [2*M + H −
N2: 1103.6435].

Reaction of 7 with Excess S8 to Generate 5Me. S8 (12.0 mg, 0.0468
mmol) was weighed into a vial and was dissolved in 1 mL of C6D6 and
then added to a vial containing minimally decomposed 7 (4.0 mg,
0.0071 mmol). The solution was transferred into an NMR tube and
analyzed by 1H and 31P {1H} NMR spectroscopy within 10 min of
mixing. 200 μL of this solution was added to 800 μL of acetonitrile
and was then filtered through a filter pipette. 50 μL of this solution
was then diluted to 1 mL in acetonitrile for ESI-MS analysis (Section
S3).
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