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Abstract: A series of dibenzo-7-phosphanorbornadiene com-
pounds, PhsPC(R)PA (1-R; A = Cy4H10, anthracene; R = Me,
Et, *Pr, °Bu), are reported to be capable of thermal fragmen-
tation to generate alkyl-substituted phosphaalkynes (RC=P)
concomitant with triphenylphosphine and anthracene. Facile
preparation of these molecular precursors proceeds by treatment
of CIPA with the appropriate ylide PhsP=CHR (2 equiv). For
methyl, ethyl, and isopropyl substituents, the phosphaalkyne
conversions are measured to be 56-73% in solution by quan-
titative >'P NMR spectroscopy. In the case of compound 1-
Me, the kinetic profile of its spontaneous unimolecular frag-
mentation is investigated by an Eyring analysis. The resulting
1-phosphapropyne is directly detected by solution NMR spec-
troscopy and gas phase rotational microwave spectroscopy. The
latter technique allows for the first time measurement of the
phosphorus-31 nuclear spin-rotation coupling tensor. The nu-
clear spin-rotation coupling provides a link between rotational
and NMR spectroscopies, and is contextualized in relation to
the chemical shift anisotropy.

Introduction

Phosphaalkynes are a well known class of low-coordinate \3-
phosphines, especially as building blocks in organophospho-
rus chemistry.! They have been extensively used in the syn-
thesis of both coordination complexes and phosphines, and
have a rich and useful cycloaddition chemistry.?* The earli-
est reports of their synthesis relied on aggressive experimen-
tal conditions involving electric discharge® or high (900 °C)
temperatures,® but milder preparations have since been
developed ™3 and have spurred numerous synthetic!*'7
and spectroscopic studies.®'®2* In pursuit of new and
mild methods for generation of low-coordinate phosphorus
species, we have recently reported the synthesis and thermal
behavior of PhsPC(H)PA (1-H; A = C14H; or anthracene),
a compound demonstrated to fragment into phosphaethyne
(HC=P), triphenylphosphine, and anthracene upon mild
heating (80 °C).?® The gradual release of HCP at elevated
temperature from this precursor enabled its 1,3-dipolar cy-
cloaddition with azide, unavailable through more traditional
low-temperature manipulation techniques due to competi-
tive polymerization.

From our further studies on phosphaalkyne generation
with this platform, we now report the synthesis and ther-
mal behavior of a series of alkyl-substituted PhsPC(R)PA
(1-R; R = Me, Et, ‘Pr, *Bu) compounds. In contrast to 1-
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Scheme 1. Synthesis and fragmentation of alkyl-substituted phos-
phaalkyne molecular precursors, Ph3P=C(R)PA (1-R; R = H, Me,
Et, *Pr, °Bu; A = C14H10).

H, 1-R compounds have been found to spontaneously release
the RC=P payload into solution at or below room temper-
ature. This series of phosphaalkyne precursors has allowed
us to pursue further exploratory reactivity and spectroscopic
studies of RC=P compounds, underscoring the value of the
molecular precursor approach to accessing the chemistry of
reactive intermediates.

Results and Discussion

Substituent Investigations

Interested in expanding the scope of 1-R compounds be-
yond the phosphaethyne precursor, we set out to synthesize
analogs with alkyl substituents. We envisioned access to
these RC=P precursors through treatment of CIPA with
an appropriate Wittig reagent (Scheme 1), the same syn-
thetic route as devised for 1-H.?® Accordingly, treatment
of a thawing THF solution of CIPA with a thawing, or-
ange THF solution of Ph3P=CHMe?® (2 equiv) gave rapid
bleaching and formation of ethyltriphenylphosphonium chlo-
ride as a colorless precipitate. Analysis of the supernatant by
3'P{'H} NMR spectroscopy revealed a pair of doublet res-
onances with chemical shifts of § 197 (Ppridge) and 28 ppm
(Pyiide) with a scalar coupling of 2Jpp = 173.0 Hz, con-
sistent with successful formation of 1-Me. Repetition in
THF-ds and rapid acquisition of a series of one- and two-
dimensional NMR spectra at 0 °C allowed this new species
to be confidently assigned as 1-Me.

The low temperature used in these NMR studies was nec-
essary due to the instability of the precursor at ambient
temperatures, spontaneously fragmenting to form 1-phos-
phapropyne. The dramatic decrease of precursor stability
upon alkyl substitution had not been anticipated, but it par-
alleled the behavior of RoaNPA compounds, which fragment
more easily with increasingly large alkyl groups.® The frag-
mentation of 1-R at 25 °C was also remarkable as it allowed
direct observation of the resultant MeC=P by NMR spec-
troscopy (*'P{'H} 6 —64 ppm),'>?® a consequence of the
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Table 1.  Phosphaalkyne 3'P NMR chemical shifts and per-
cent conversion from 1-R precursors in THF solution after
2hat22°C.?

R 6 / ppm  Conversion®

1225 ~-32.0%7 o
Me —63.512 56%
Et —64.512 73%
‘Pr —65.7%8 58%
*Bu —61.2 13%
tBu _d _d

@ After 2 h at 22 °C, complete consumption of all 1-R com-
pounds was observed by NMR spectroscopy. b Quantified by
inverse-gated decoupled 31P{1H} NMR spectroscopy after 2 h
at 22 °C by integration against PPhs with a recycle delay of
at least 8T using Cr(acac)s as a relaxation reagent.?? °No
appreciable fragmention at 22 °C over 2 h. 4 Not observed.

increased solution stability of this phosphaalkyne in rela-
tion to HC=P. Although anthracene and triphenylphosphine
were released quantitatively, the conversion to 1-phospha-
propyne was found to be 56% after allowing development
of the solution for 2 h at 25 °C by quantitative integration
against PPhs using Cr(acac)s as a paramagnetic relaxation
reagent.?? The fate of the rest of the phosphorus was not
obvious, and has not been tracked down.

Successful phosphaalkyne generation was not limited to
MeC=P from 1-Me. Further investigations into alkyl sub-
stituents have also revealed 1-Et and 1-‘Pr and 1-*Bu to
fragment over 2 h at 22 °C to provide solutions of 1-phos-
pha-1-butyne (EtC=P) and 3-methyl-1-phospha-1-butyne
(‘PrC=P) and 3-methyl-1-phospha-1-pentyne (‘BuC=P),
respectively (Table 1). The percent conversion rose upon
switching from a methyl to an ethyl substituent; how-
ever, further increases in steric bulk were deleterious to
phosphaalkyne production. Attempts to form ‘BuC=P
through 1-’Bu failed as CIPA was not found to react with
Ph3P=C(H)*Bu under our conditions, likely a consequence
of the steric demands of a tert-butyl substituent.

Mechanistic Insight

Density functional theory (DFT) calculations using ORCA
4.03%32 with the MO06-2X functional,®® Def2-TZVP ba-
sis set, 3435 and RIJCOSX appromation®®3” uncovered an
identical mechanism for phosphaalkyne release along the
closed-shell singlet potential energy surface (PES) to that
reported for 1-H (Figure 1).%° This mechanism involves
an initial [1,3]-sigmatropic shift of the phosphorus bridge
from a norbornadiene to an intermediate norcaradiene ge-
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ometry.®® Such a shift could occur through a closed-shell
intermediate or though an open-shell intermediate akin
to [1,3]-sigmatropic alkyl shifts.?® Subsequent rate-limiting
[2+1]-cheletropic cycloelimination releases an unusual ylide-
substituted phosphinidene intermediate from the anthracene
platform. Rapid fragmentation of this ylide provides triph-
enylphosphine and 1-phosphapropyne.

Alternative fragmentation sequences include initial tri-
phenylphosphine release or a single-step coarctate?® mech-
anism. We are now in a position to provide experimental
support for initial anthracene release to generate a phos-
phinidene. Heating 1-H in the presence of excess 1,3-cyclo-
hexadiene (CHD) to 80 °C for 3 h resulted in the detection of
a new species identified as 2 by a series of NMR experiments
(eq 1, SI §S.1.5).

PPh,
80 °C, 5 h PPh; CHD H
1H — P 1
~ (1)
B Y
2

Product 2 suggested direct capture of the intermediate phos-
phinidene to produce a new 7-phosphanorbornene frame-
work. Initial PPhs release would be expected to re-
tain the dibenzo-7-phosphanorbornadiene unit to produce
a norbornen-7-yl substituted RPA compound. Single-step
coarctate fragmentation would similarly not produce 2, in-
stead proceeding directly to HC=P from 1-H without an
intermediate for interception by 1,3-cyclohexadiene.

Experimental investigations of the kinetic profile of 1-
Me decay were consistent with the mechanism proposed in
Figure 1. Unimolecular decomposition of 1-Me was ob-
served in THF solution, and proceeded with a half life of
12.5(6) min at 25 °C. An Eyring analysis (Figure S.21) re-
vealed kinetic parameters for this fragmentation of AH* =
23.0(9) kcal/mol and AS* = 4.6(3.1) cal/mol-K. This bar-
rier to fragmentation was nicely in agreement with the
DFT predictions, and smaller than that previously de-
termined for 1-H (AH* = 25.1(8) kcal/mol and AS* =
-3.6(2.2) cal/mol-K),?***! as expected from the observed de-
crease in stability of 1-Me.

Bonding Analysis

The diminished barrier to fragmentation observed for 1-Me
in comparison to 1-H likely results from an increased -
donicity of the ylide carbon lone pair due to the a-alkyl
group, mirroring the behavior of dialkylamide-substituted
RoNPA compounds.30 This electronic effect can be under-

Figure 1. Computed mechanism of MeC=P release from 1-Me plotted as a function of the Gibbs free energy (kcal/mol, 298.15 K, black)
of each intermediate and transition state (T'S) along with the relative enthalpy (kcal/mol, blue) and entropy (cal/mol-K, pink).



Figure 2. Donor—acceptor interactions between the ylidic car-
bon lone pair and the op antibonds destabilize the molecular
precursors as depicted by the overlaps between these NBOs.

Me;P . MesP MesP.
P. \=p: /=P:
H H H
81.20% 2.95% 2.65%
Me;P . MesP Me;P.
>=P: \—=p: =P:
Me Me' Me/_
75.61% 3.29% 3.01%

Chart 1. Natural resonance theory (NRT) analysis of model phos-
phinidenes [MegP=C(R)P] (R = H, Me) shows increased hypercon-
jugation in the methyl derivative. The phosphinidene PC natural
bond orders were nearly identical: 2.02 (R=H) and 1.99 (R=Me).

stood in terms of a donor—acceptor interaction between the
ylide lone pair and the opc antibonds of the phosphorus
and the anthracene bridgehead carbon centers. Natural
bond orbital (NBO)*? analysis substantiates this by quan-
tifying the net strength of the donor—acceptor interactions
to be 29.1 kcal/mol in 1-H and 32.0 kcal/mol in 1-Me (Fig-
ure 2). This difference of 2.9 kcal/mol matches well with
the decrease in experimental enthalpic barriers: AAHY =
2.1 kcal/mol. The larger size of the alkyl groups of 1-R
compounds also presumably increases the steric pressure of
the substituent against the anthracene scaffold, destabilizing
the molecular precursor.

The alkyl group was also found to have an impact on the
stability of the intermediate phosphinidene. In the same way
that strongly donating amino and phosphino substituents
play a large role in stabilization of phosphinidenes, the ylidic
carbon-centered lone pair stabilizes the phosphinidene by 7-
donation into the formally empty phosphorus p-orbital, al-
lowing the subvalent center to achieve an octet of electrons.
The natural resonance theory (NRT') subroutine of NBO re-
veals this interaction to be strong enough in model species
[MesP=C(R)P] that a P=C double bond is involved in an ac-
curate Lewis representation of the phosphinidene (Chart 1),
reminiscent of N-heterocyclic carbenes (NHCs), aminophos-
phinidenes, *° and phosphinophosphinidenes.*® This Lewis
structure is also appealing, as it emphasizes the growth of
one PC bond order at the expense of the other en route to
the final phosphaalkyne.

Reactivity Studies

Having established the ability of these compounds to de-
liver simple phosphaalkynes into solution, we sought to
demonstrate their utility in synthesis. Our initial report
demonstrated successful 1,3-dipolar cycloaddition of HC=P
directly with azide to yield the previously unknown par-

ent 1,2,3,4-phosphatriazolate anion, mimicking formation of
P3N;~ % and triazolate*® heterocycles with P2 and acety-
lene, respectively. The success of this reaction was found to
rely on gradual delivery of HC=P to azide from 1-H at ele-
vated temperature, as vacuum transfer of HCP onto a frozen
slurry of [TBA][N3] (TBA = tetra-n-butylammonium) gave
polymerization. 4647

Solutions of MeC=P produced from 1-Me also allowed for
reactivity studies. Addition of (trimethylsilyl)diazomethane
(1 equiv) to a thawing THF solution of MeC=P gave 62%
conversion to a [3+2] cycloadduct, isolated in 20% yield as a
sodium 15-crown-5 salt 3 (eq 2) after addition of NaHMDS
(0.5 equiv) and 15-crown-5 (0.6 equiv).

SiMe, Na(15c5)<—B
MesSiy, | Betowns | )
1-Me ——= | N( 4P — NP ()
PPh,, A Y 20% isol. Y
Me Me
62% conv 3

Rotational Spectroscopy

As 1-H was found to be a useful source of HC=P for mi-
crowave rotational spectroscopy, we anticipated utility of 1-
R compounds for spectroscopic investigations. We selected
1-Me as a good precursor for use in microwave spectroscopy
studies because the resulting MeCP is a prolate symmet-
ric rotor of modest size. Additionally, 1-phosphapropyne
has been previously characterized by rotational and vibra-
tional spectroscopy,*®° and its reported rotational con-
stants%225! allowed prediction of the transition frequencies
within the range of our microwave spectrometer (5-40 GHz).
A stream of neon bubbled through a THF solution of 1-
phosphapropyne from 1-Me carried volatile 1-phosphaprop-
yne into the instrument cavity, at which point gas expansion
provided rapid cooling to ca. 10 K. Several rotational transi-
tions were observed, including the J =2 <+ 1land J =1+ 0
transitions, which were measured for the first time in this
study and complement Kroto’s early investigations.?!

The resolution of these spectra has also allowed measure-
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Figure 3. The observed J = 1 « 0 transition for 1-phospha-
propyne showing hyperfine structure from nuclear spin-rotation
coupling, dipolar spin-spin coupling, and Doppler doubling due to
expansion of the molecular beam along the microwave excitation
axis. A simulated spectrum using fitted coupling constants is
shown inverted.



ment of the hydrogen-hydrogen dipolar spin-spin coupling
constant and the phosphorus-31 nuclear spin-rotation cou-
pling tensor (Figure 3). The dipolar coupling was fitted
to be Dun = 21.2(1.0) kHz, matching the expected value
of 20.6(3) kHz based on the known microwave structure of
MeC=P.?! The hydrogen-phosphorus dipolar coupling was
not resolved, not unexpected as a magnitude of only Dup =
1.112(8) kHz is expected from the microwave structure.?!
As a prolate symmetric rotor, MeC=P has two indepen-
dent components of the phosphorus-31 spin-rotation cou-
pling tensor. The perpendicular component was fitted to
be C (*'P) = —10.76(48) kHz, while the lower resolution of
the observed K > 0 transitions only allowed the order of
magnitude of C|(*'P) to be established confidently, giving
—20(15) kHz. These values showed close agreement with the
predicted values of C; = -9.86 kHz and CH = -20.59 kHz at
the CCSD(T)/cc-pwCVTZ>%5 level of theory as calculated
with CFOUR.**

The 3P nuclear spin-rotation coupling provides a unique
link between rotational and NMR spectroscopies. 5® This link
arises from the induced magnetic field from electronic mo-
tion in the rotationally excited molecule that interacts with
the spin-1/2 *'P nucleus similarly to an applied external
field in NMR spectroscopy.°® In Ramsey’s formalism of nu-
clear magnetic shielding,®” the magnetic shielding tensor
comprises a diamagnetic and a paramagnetic component,
o = odi® 4 gPara 5859 Nyclear spin-rotation coupling con-
stants relate to this latter component, which results from
mixing of ground and excited electronic states.

Using Flygare’s approximation for diamagnetic nuclear
shielding, the nuclear spin-rotation coupling tensor C' can
be simply related to the total nuclear magnetic shielding
tensor o for the phosphorus-31 center by

mp  Cos
2megP Bax ’

022 (P) = datom(P) +

where oatom(P) is the diamagnetic nuclear shielding of a
free phosphorus-31 atom,®® m,, is the proton mass, me is
the electron mass, gp is the phosphorus-31 nuclear g fac-
tor, Cy, is the spin-rotation coupling constant along axis
xz, and By, is the rotational constant along axis . 55:64-66
For elements other than hydrogen, the accuracy of this ap-
proximation stems from the fact that the diamagnetic com-
ponent is dominated by core electrons; thus, it changes lit-
tle between molecules and is approximately isotropic.®” The
nuclear magnetic shielding is linearly related to the more fa-
miliar NMR chemical shift scale when reported relative to a
reference compound, § = (ovet — 0)/(1 — Oret).

The phosphorus-31 nuclear shielding tensor obtained from
the experimentally determined spin-rotation coupling ten-
sor was o1 = 86(39) ppm, o = 909(38) ppm, 0isoc =
360(22) ppm. These matched well those predicted by
CCSD(T)/cc-pwCVTZ calculations: o, = 158 ppm, o] =
916 ppm, 0iso = 410 ppm. The absolute 3! P nuclear shield-
ing of 85% H3PO4 (328.35 ppm) can be used as a reference
to convert these numbers into more familiar chemical shift
terms.®® Thus, the chemical shift tensor was found to be
01 = 243(39) ppm, 0 = —581(38) ppm, diso = —32(22) ppm.
These values indicate a span of the chemical shift tensor of
Q=6 — &) = 824(54) ppm for gaseous 1-phosphapropyne
in its ground state.

The large span of the tensor comports with those mea-
sured for other phosphaalkynes and related species, ® " and
it is of the same order of magnitude as the spans calculated

from the nuclear spin-rotation tensors of MeC=P, HC=P,
and N=P (Table 2). It arises from the small energy gap
between the P-C o-bond and the CP 7*-antibonds. ™

Solid-State NMR Studies

To make this link between the nuclear spin—rotation coupling
tensor and the chemical shift tensor more explicit, we sought
to corroborate the span by solid-state NMR spectroscopy.
This was complicated by the simple fact that MeCP is not
a stable solid under ambient conditions. 1-Adamantyl phos-
phaacetylene was selected as a (s, alkyl-substituted, and
solid model phosphaalkyne. The *'P magic angle spinning
(MAS) SSNMR spectrum at 106 K showed a series of res-
onances that allowed the CSA to be modeled to be §11 =
020 = 87.09(21) ppm, d33 = —370.24(21) ppm, indicating
an isotropic shift of diso = —65.35(21) ppm and a span of
Q = 457.33(30) ppm (Figure 4a). At 294 K, the spectrum
displayed significant broadening for each spikelet, likely an
effect of crystalline plasticity permitting molecular motion.
The related compound *AdC=N is known to exist as a plas-
tic crystal at room temperature”™ that cools into a glassy
solid below 178 K.™ At ambient temperatures, 'AdC=N
undergoes rapid rotation around its C's axis and rapid reori-
entation of the molecular C3 axis among the six directions
of its cubic lattice.”™ Similar behavior undoubtedly affects
' AdC=P. Indeed, significant narrowing of each spikelet is
observed upon cooling from 294 to 103 K, indicating that
some but not all dynamical modes have been “frozen out.”

Such a tensor showed a marked decrease in span in com-
parison both with the experimental values from rotational
spectroscopy and with the predicted 'AdCP tensor at the

(2) Solid 'AdCP
~ 10 kHz MAS, 204 K

— 10 kHz MAS, 106 K
— Fitted CSA

300 200 100 O 100 —200 -300 —400 —500 43P §
(ppm)

(b) ,
Frozen MeCP Solution
— 16 kHz MAS, 103 K

— Fitted CSA

‘ |
*n|
|

A | “ ,”,‘ 'li L I ,JJ‘\ l ‘ ’l‘ l!” |‘

Tip g
(ppm)
Figure 4. Observed and simulated 31P MAS SSNMR spectra of
(a) solid 'AACP and (b) a frozen toluene solution of MeCP at
242 MHz. The isotropic bands are marked with an asterisk (*).
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Table 2. Rotational constants, nuclear spin-rotation coupling constants,
a series of related compounds with uncertainties listed at the 1o value.

absolute nuclear shieldings, and chemical shifts for 31P nuclei in

Spin-Rotation Coupling Nuclear Shielding®

Chemical Shift®

Compound
C||b CLb UHC oL° 5|| = 633° 01 = d11,22° Jiso Qe?
MeC=P  -20(15)  -10.76(48)  909(38) 86(39) ~581(38) 243(39) -32(22) 824(54)
HC=P — ~43.64(15)%°  961.1 74.1(9.8) ~632.8 254.3(9.8)  -41.4(3.3)  887.0(9.8)
N=P — ~78.2(5) %! 961.1  -397.1(8.7) -632.8 725.4(8.7)  272.7(2.9) 1358.4(8.7)
MeC=P* ~402.31(64)  112.59(64)  —59.04(64)  514.90(91)
'AdC=P/ -370.24(21)  87.09(21)  -65.35(21)  457.33(30)

% Calculated from the spin-rotation coupling constants using Flygare’s diamagnetic shielding approximation and ground-state rotational con-

stants, 21:51:60:62 except for the values from MAS SSNMR spectra.
SSNMR spectrum of a frozen solution of MeC=P in toluene. / From a 3!

RIJCOSX—PBEO/pCSseg—336’74776 level of theory: 611 =
022 = 148 ppm, d33 = —488 ppm, diso = —64 ppm, and 2 =
636 ppm. This is another indication of the narrowing of the
chemical shift anisotropy due to intermolecular interactions
and molecular movement within the plastic crystal, result-
ing in partial rotational averaging of the observed CSA on
the NMR timescale (ca. 10 ms).

We were also able to observe MeCP directly in frozen
toluene solution at 103 K. Although the signal-to-noise level
was low after 182 h of data acquisition, the 3'P chemical
shift tensor could be fitted to be §11 = d22 = 112.59(64) ppm,
d33 = —402.31(64) ppm, indicating an isotropic shift of diso =
-59.04(64) ppm and a span of = 514.90(91) ppm (Fig-
ure 4b). This chemical shift tensor is also smaller than the
gas phase value from rotational spectroscopy, an effect that
is likely due to similar solvent interactions and reorganiza-
tional motion when frozen into glassy toluene, such interac-
tions being a dominant relaxation mechanism in low temper-
ature MAS SSNMR.”” Thus, the 3'P nuclear spin-rotation
coupling constant has provided a 3P CSA free from en-
vironmental influences, differing from the measurement by
SSNMR in frozen toluene solution due to sensitivity to the
medium.

Conclusions

We anticipate this series of phosphaalkyne precursors to
prove useful in any synthetic context tolerant of anthracene
and triphenylphosphine coproducts, or else to be used in
conjunction with vacuum transfer of the resulting RC=P
species. The thermolysis of 1-H in the presence of CHD
has shown anthracene release to precede triphenylphos-
phine release, more directly implicating an intermediate
ylide-substituted phosphinidene. Our rotational spectra of
MeC=P from 1-Me also demonstrate the continued promise
of RPA compounds as sources of reactive species for spectro-
scopic investigations. Measurement of the gas phase *'P nu-
clear spin-rotation coupling tensor has provided a straight-
forward value for the CSA without influence of molecular
motion or solvent interactions in the solid state.
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¢ Units of ppm. %Q =6, — 4. “From a 31p MAS

P MAS SSNMR spectrum of the neat solid.
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