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Abstract: Heterocycles containing both phosphorus and nitrogen have seen increasing use in recent
years in luminescent materials, coordination chemistry and building blocks for inorganic polymers, yet
their chemistry is currently dominated by five- and six-memberd derivatives. Seven-membered P/N
heterocycles are comparatively scarce and lack general, high yielding syntheses. We explore the
synthesis and characterisation of 1,2,5-diazaphosphepines from azophosphines. The mechanism has
been probed in detail with both computational and experimental studies supporting a stepwise
mechanism to form a five-membered ring, and subsequent ring expansion to the diazaphosphepine.
Regioselective synthesis of five- and seven-membered rings is possible using asymmetric alkynes. The
Lewis acidic borane B(CeFs)s could either catalyse the formation of the seven-membered ring (Pr
derivative) or trap out a key intermediate via a frustrated Lewis pair (FLP) mechanism (‘Bu derivative).

Introduction

The incorporation of phosphorus into heterocyclic
systems can lead to significant changes in their
properties and reactivity. Phospholes, first
synthesised in 1959, have emerged as highly
valuable compounds in numerous fields ranging from
photophysical applications to coordination chemistry,
and often display aromaticity.2> Utilising phosphorus
alongside its lighter group 15 congener, nitrogen, can
bestow further reactivity in the heterocycle,
particularly when featuring a direct PV=N bond. This
arises due to the highly polarised nature of the PV=N
bond, which yields significant single-bond character
and a more basic nitrogen centre. Such phosphorus
and nitrogen containing heterocycles have
subsequently been used in areas including
luminescent materials® and as building blocks for
inorganic polymers.”

The majority of currently reported
phosphorus/nitrogen containing heterocycles are
based on either five- or six-membered rings.® Seven-
membered rings containing both phosphorus and
nitrogen and comparatively scarce. The most
common approach for preparing seven-membered
P/N rings relies on the condensation of amines with
halophosphine derivatives, with concomitant release
of HCI, which necessarily affords products with direct
P-N bonds.®1! There are fewer examples of P/N
heterocycles that contain solely P-C bonds, but
heteroocycles fo this type recently have been applied
as ligands for Ni in electrocatalysts or as chelating
ligands for lanthanide ions,*?1* and in medicinal
applications (Figure 1A).1> Azaphosphepines are
unsaturated seven-membered P/N heterocycles, and
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Figure 1. A) Applications of previously reported P/N-containing
heterocycles. B) Only previous example of a 1,2,5-
diazaphosphepine. C) This work.

convenient and high-yielding synthetic routes to such
heterocycles remain limited in scope. The most
pertinent examples of azaphosphepine synthesis for
this current study are ring-expansions via P—-N
cleavage of an appropriate five-membered ring
precursor. In 1990, Ried et al. reported the ring-
expansion of a five- to seven-membered ring via the
cleavage of a P-N bond with electronically activated
alkynes.'® The products were characterised
crystallographically and spectroscopically, although
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the mechanism of reaction was not discussed. In
2019, Lozovskiy et al. also reported intramolecular
ring-expansion by P-N bond cleavage in a five-
membered ring to yield a seven-membered ring.’
The only prior example of 1,2,5-diazaphosphepine
chalcogenides was reported by Barkallah et al., where
2,2'-(phenylphosphoryl)bis(cyclopentan-1-one)  (or
the sulfur and selenium analogues) was reacted with
hydrazine and acetic acid (Figure 1B), although the
products were not structurally characterised.18

Azophosphines are phosphorus-containing
analogues of triazenes with the chemical formula
ArN=N-PR2, with a trivalent phosphorus centre that
can be exploited for further reactivity. A limited range
of azophoshines were synthesised in the 1970s and
1980s, but no further reactivity was explored.1%-21 This
class of compounds was ignored until 2021, when
Cummins and co-workers synthesised MesN2PA
(Mes = mesityl, A = anthracene).22 This molecule was
shown to undergo a range of cycloaddition reactions
with unsaturated substrates, including
[Na(dioxane)2s][PCO] and AdCP (Ad = adamantyl),
with loss of the labile anthracene moiety. The
following year, the same group isolated
azophosphines of the form ArN2PR:z (R = Pr, Cy, Ph,
NMez), and demonstrated the cycloaddition reactions
of these species with cyclooctyne, which yielded five-
membered N-heterocyclic iminophosphoranes.?® One
example of a 1,3-dipolar cycloaddition of the
azophosphine (p-Me)CeHsN2PPh2 with the
electronically activated alkyne dimethyl
acetylenedicarboxylate (C(CO:2Me))2 was also
reported. Very recently, we reported a general
synthetic route to azophosphines which allowed for
tolerance of bulky P-substituents, and demonstrated
the use of these systems as ligands in Ru complexes
via the phosphorus and nitrogen centres.?*

Motivated by these results, we reasoned that
azophosphines may be able to serve as precursors to
a wider range of phosphorus and nitrogen containing
heterocycles beyond those currently reported. In this
manuscript, we report the synthesis and
characterisation of five- and seven-membered
phosphorus- and nitrogen-containing rings from
azophosphines. The seven-membered rings are the
first  crystallographically  characterised  1,2,5-
diazaphosphepines, and the mechanism of this
transformation has been probed both computationally
and experimentally. The interactions of these species
with the Lewis acidic borane B(CsFs)s has also been
explored, which was shown to catalyse the formation
of the seven-membered heterocycle for the Pr-
derivtive and result in the trapping of a key
intermediate for the ‘Bu-derivative.

Results & Discussion
Synthesis and characterisation of heterocycles

We recently reported a new synthesis of
azophosphines via the reaction of arenediazonium
salts ([ArNz][BF4]; Ar = Mes or (p-NMez2CsHa)) with
deprotonated secondary phosphine-boranes
(HPR2°BH?3), although the P-substituent was limited to
R = Bu and Ph.2* The same synthetic procedure was
used here, and was shown to tolerate smaller alkyl P-
substituents. The secondary phosphine-boranes
HPR2+BHs (R = Pr, Cy (cyclohexyl)) were synthesised
from the corresponsing dialkylchlorophosphines by a
modified literature procedure (Scheme 1A).%5
Deprotonation of these substrates with sec-BuLi at -
78 °C, followed by reaction with mesitylenediazonium
tetrafluoroborate ([MesN:][BF4]) allowed for the
formation of the target azophosphine-boranes
(MesN2PR2BHs) 1+BH3 (R = Pr) and 2¢BH3 (R = Cy)
as a purple oil or purple solid, respectively, in
moderate yields following purification (1sBHs = 41%,
1-BH3 = 44%; Scheme 1B). The borane protecting
group could then be fully removed via reaction with
pyrrolidine to vyield the free azophosphines
(MesN2PR2) 1 (R =Pr) and 2 (R = Cy) in good yields
(1 =78%, 2 = 71%; Scheme 1), both as red oils.
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Scheme 1. A) Synthesis of phosphine-borane precursors.
B) Synthesis of azophosphine-boranes and free azophosphines.

With azophosphines 1 and 2 in hand, as well as the
previously reported azophosphine 3 (MesNzP'Buz),
we next investigated the cycloaddition reactions of
these systems. The reaction of azophosphines 1-3
with one equivalent of the electron-poor alkyne diethyl
acetylenedicarboxylate (C(CO:zEt))2 in toluene gave
an immediate colour change from red (1, 2) or purple
(3) to pale yellow, and formation of the five-membered
heterocycles (R = 'Pr (4), Cy (5), 'Bu (6); Scheme 2).
Reaction monitoring by 3!P{*H} NMR spectroscopy
showed quantitative conversion from azophosphine to
product; removal of the solvent in vacuo yielded
analytically pure compounds 4-6 in good isolated
yields (80-85%).
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Scheme 2. Synthesis of five-membered heterocycles 4-6 via
azophosphines.

Single crystals of 4 were grown by slow evaporation
of a hexane solution, and of 6 by slow evaporation of
a THF-hexane solution (1:10, v/v), allowing for
characterisation of the solid state structures by single-
crystal X-ray diffraction (SXRD) (Figure 2A and B).
Both 4 and 6 possess planar five-membered cores as
shown in the side-on views in Figure 2C and D. 6
displays an N-N bond length of 1.4115(19) A,
indicative of an N-N single bond,?® and significantly
elongated compared to the N=N double bond
[1.226(6) A] observed in the previously reported solid
state structure for its azophosphine-borane precursor
3*BH3.2* The P—-N bond length of 6 exists somewhere
between a single and double bond [1.6461(14) A], but
clearly shortened compared to the P—N bond of 3*BHj3
[1.769(5) A]. 4 displays similar N-N [1.4096(17) A]
and N-P [1.6442(14) A] bond lengths to 6. The
planarity and bond lengths of both 4 and 6 are in good
agreement with the N-heterocyclic
iminophosphoranes reported by Cummins, which also
displayed planar heterocyclic cores and comparable
N—N and P—N bond distances.?® To corroborate these
findings, density functional theory (DFT) and natural
bond orbital (NBO) analyses were carried out (see Sl
for details). The optimised structures are in good
agreement with the observed solid-state structures,
with similarly planar heterocyclic cores and N-N and
P—N bond metrics. Natural population analysis (NPA)
showed a highly electron-rich N2 nitrogen centre (-
0.859 for 4, -0.874 for 6) and electron-deficient
phosphorus centre (+1.809 for 4, +1.841 for 6), with
calculated Wiberg bond indices for the P-N bonds of
1.07 (4) and 1.05 (6). These data are suggestive of
more single bond than double bond character in the
P—N bond.
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Figure 2. Single crystal structures of 4 and 6. Top-down view
shown in A) and B); side-on view for C) and D). Selected bond
distances (A) and torsion angles (°): 4: N1-N2 1.4096(17), N2—P1
1.6442(14), C10-C11 1.403(2), N1-N2—P1-C11 —2.37(11), N1-
C10-C11-P1 -0.34(17); 6: N1-N2 1.4115(19), N2—-P1 1.6461(14),
C10-C11 1.401(2), N1-N2-P1-C11 -5.77(11), N1-C10-C11-P1
—2.50(18). 4 crystallised with two product molecules in the
asymmetric unit; only one is shown here for clarity and bond metrics
are very similar for both independent molecules so only one set is
given above. Thermal ellipsoids were drawn at the 50% probability
level.?”

Given the partial single-bond character of the P—-N
bond in five-membered rings 4-6, we hypothesised
that this bond could be cleaved by certain substrates
to yield larger phosphorus-containing heterocycles,
by analogy with the aforementioned ring expansion
chemistry.16. 17 Reactions of an P—N bond within five-
membered rings has previously been reported with
ketones, ketenes, and isocyanates, although in all
cases either acyclic or bicyclic structures were
observed instead of ring expansion.2-30 Cummins
also reported one example of P-N bond cleavage in
an N-heterocyclic iminophosphorane with PhsSiH,
although this resulted in loss of the heterocyclic
structure and formation of a PhsSi—N(R)—-H moiety.??
Five-membered heterocycle 4 (R = iPr) was thus
reacted with an excess (4 equiv.; Scheme 3A) of
(C(CO2EY))2 in toluene. Monitoring by 3P{*H} NMR
spectroscopy showed a new species forming, product
7, with quantitative conversion within 48 hours at room
temperature; the solution also became a visibly
brighter yellow colour. 7 could also be formed directly
from azophosphine 1, by reacting 1 with the same
excess of (C(COzEt))2. Monitoring this latter reaction
by 3!P{lH} NMR spectroscopy showed 4 initially
forming at 74.9 ppm, before giving way to 7 at 60.4
ppm. Single crystals of 7 were produced by slow
diffusion of n-hexane into a concentrated THF
solution of 7 at -35 °C, for which single-crystal X-ray
diffraction revealed an unusual seven-membered ring
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structure featuring cleavage of the P—N bond by a
second equivalent of alkyne (Figure 3A). Analogous
reactivity was observed with azophosphine 2
(MesN2PCy2), which vyielded seven-membered
heterocycle 8 via 5, the structure of which was also
confirmed by SXRD (Figure 3B). Removal of the
solvent in vacuo yielded analytically pure compounds
7 and 8 in excellent isolated yields (7 = 88%, 8 = 92%),
with no further work-up necessary. However, when
the sterically more hindered azophosphine 3
(MesN2P'Buz) was used, no seven-membered ring
could be detected by 3!P{IH} NMR spectroscopy.
Even with a large excess of alkyne (10 equiv.) and
heating to 60 °C, only formation of five-membered ring
6 was observed (Scheme 3A); heating above 60 °C
gave an intractable mixture of products.
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Scheme 3. A) Synthesis of seven-membered heterocycles 7 and 8
via azophosphines. 6 does not react with excess alkyne to form the
analogous seven-membered ring. B) Possible resonance
structures for seven-membered heterocycles 7 and 8.

Figure 3. Single crystal structures of 7 and 8. Top-down view
shown in A) and B); side-on view for C) and D). Selected bond
distances (A): 7 N1-N2 1.4172(16), N2-C12 1.2908(18), C12-C13
1.438(2), C13-P1 1.7465(14); 8 N1-N2 1.4177(18), N2-C12
1.2926(19), C12-C13 1.443(2); C13-P1 1.7407(16). Thermal
ellipsoids were drawn at the 50% probability level.?”

In contrast to the planar geometries of five-membered
rings 4 and 6, the seven-membered rings of 7 and 8
feature non-planar, puckered cores (Figure 3C and
D). Three major resonance structures can be
considered for these seven-membered rings (a, B, v;
Scheme 3B; atom labelling the same as in Figure 3).
Analysis of the solid-state bond metrics of 7 revealed
N2—-C12 to be almost entirely double-bond in
character [1.2908(18) A], while C12-C13 possesses
significant  single-bond character [1.438(2) A],
indicative of minimal contribution from y. The P1-C13
bond length possesses partial single- and double-
bond character [P1-C19 = 1.7465(14) A]; this is
rationalised by significant electron delocalisation into
the adjacent ester group [C13—-C17 = 1.4316(19) A,
C17-07 = 1.2235(18) A], suggesting contributions
from both a and B. The bond metric data of 8 are
similar to 7. This crystallographic data was also
supported with density functional theory (DFT) and
natural bond orbital (NBO) analyses (see Sl for
details) for 7. Natural population analysis showed the
two nitrogen centres on 7 to be similarly electron-rich
(see Sl for values), reflective of the lack of contribution
from y. The calculated Wiberg bond indices for 7 are
also suggestive of significant N=C (1.70 for N2—-C12)
and C-C (1.13 for C12-C13) bond character, while
also highlighting the single bond character of the P—C
bond (1.00 for P1-C13).

Mechanistic insight

To determine the minimum energy pathway for the
formation of five-membered rings 4 and 6, DFT
calculations were carried out (see Sl for details) using
the xylyl group instead of mesityl for the calculations
as a simplified model. A recent computational study
by Zhang and Su exploring the cycloaddition of
structurally related azophosphines with cyclooctyne
found a concerted reaction pathway, with an
activation barrier of 22.0 kcal.mol1.31 Cummins also
calculated the reaction of their MesN2PA with
cyclooctyne to be thermodynamically favourable via a
concerted pathway, with subsequent loss of the
anthracene unit.?2 Our calculations showed a
stepwise mechanism to instead be preferred for the
cycloadditions of azophosphines 1 and 3 with diethyl
acetylenedicarboxylate (Scheme 4). Focusing on the
pathway for 3 to 6, initial attack of the phosphorus lone
pair (HOMO) of 3 to the alkyne yields the zwitterionic
intermediate 11, with a corresponding activation
barrier of 20.4 kcal.mol! (TS1) corresponding to P-C
bond formation. 11 adopts a partially allenic, partially
bent structure, best described as somewhere
between the two forms I1A and 11B. This is supported
by a C1-C2 bond length of 1.329 A, consistent with a
C=C double bond, and an elongated C2—-C3 bond
length of 1.401 A, with a C1-C2-C3 bond angle of
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138.3°. The HOMO of 11 has contributions from both
the anionic carbon centre (I1A) and anionic oxygen
(11B), while the LUMO is mainly centred on the N=N
" orbital. Subsequent HOMO to LUMO ring-closing
proceeds over a small activation barrier of 3.3
kcal.mol! (TS2).
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Scheme 4. Computed pathways (Gibbs free energy, kcal.mol?) for
the cycloadditions of 1 and 3 with (C(CO.Et)), to form 4 and 6 at the
wB97XD/def2TZVP//wB97XD(toluene)//def2QZVP level of theory
using the xylyl group instead of mesityl for a slightly simplified
model. For full computational details see SI.

Product 6 is favoured by 50.1 kcal.mol relative to the
starting materials. An identical pathway was found for
the formation of 4 from azophosphine 1, with similar
activation barriers calculated. The preference for a
stepwise pathway in our system compared to the
previously computed concerted pathways may be
rationalised by the stabilisation of the zwitterionic
intermediate 11 by the electron-withdrawing ester
groups, and the fact that our study is on P,P-dialkyl
azophosphines that are more nucleophilic than the
previously studied P,P-diphenyl systems.?? 31 A
preference for stepwise over concerted reaction
pathways has previously been shown for
cycloaddition reactions of the analogous alkyne
dimethyl acetylenedicarboxylate with
dienylisobenzofurans.3?

We also sought to determine the minimum energy
pathway for the formation of seven-membered ring 7,
and rationalise the why the analogous heterocycle
with R = 'Bu substituents did not form. Our
calculations suggest that the first step, corresponding
to nucleophilic attack by the dicoordinate nitrogen
centre of 4/6 to the alkyne (TS3), is the rate-limiting
step of the reaction (Scheme 5). This proceeds over
an energy barrier of 18.1 kcal.mol* for 4 (R =Pr), but
the corresponding energy barrier for 6 (R = 'Bu) is
significantly higher, at 24.7 kcal.mol-X. This barrier is
accessible for 4 at room temperature, but was

inaccessible for 6 in our experiments. Attempts to
overcome this barrier by heating the reaction led to an
intractable mixture of products. Seven-membered
rings 7 and 8 form at room temperature but
decompose above 50 °C, which may indicate that if
the energy barrier for R = 'Bu subsituents can be
overcome at elevated temperatures, the product
subsequently decomposes and cannot be isolated.
After this first step, the subsequent intermediate, 12,
adopts a partially allenic and partially bent structure
(analogous to I1A and 1B, Scheme 4), although in
this case the bent structure is stabilised to a greater
extent as the carbocation has a weak interaction with
the proximal electron-poor phosphorus centre. We
were also able to locate a further intermediate (I3),
which was only present for R = iPr substituents, in
which the P-N interatomic distance is significantly
longer (2.145 in 13 vs. 1.756 in 12) and P-C bond
shorter (1.842 in 13 vs 2.012 in 12). After extensive
searching, we were unable to locate any transition
states between 12 and the products, although relaxed
potential energy surface scans indicated that these
steps would be <5 kcal.mol! for R = Pr and <7
kcal.mol* for R = 'Bu and are thus clearly not rate-
limiting (see SI for further details).
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Scheme 5. Computed pathways (Gibbs free energy, kcal.mol?) for
the reaction of 4 and 6 with (C(CO:Et), at the
wB97XD/def2TZVP//wB97XD(toluene)//def2QZVP level of theory
using the xylyl group instead of mesityl for a slightly simplified
model. For full computational details see Sl.

Regioselective formation of heterocycles

The stabilisation of 11 (Scheme 4) by electron
delocalisation into the ester group prompted us to
probe the regioselectivity of these reactions; namely,
whether the use of an asymmetric alkyne would yield
one, or several, regioisomers. Azophosphine 3
(MesN2P'Buz), was thus reacted with an excess (20
equiv.) of ethyl 2-butynoate (H3CC=C(CO:Et)) in
toluene. After 4 days, only one major product was
observed by 3P{'H} NMR spectroscopy, which after
work-up was observed to be product 9 (Figure 6A).
This regioisomer could be confirmed in solution by
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2D-NOESY NMR spectroscopy, as a nOe (nuclear
Overhauser effect) could be observed between the
'Bu groups and the methyl protons bound to the ring
(-C=CCHz3), but not between the '‘Bu groups and any
of the protons on the ester groups. Single crystals of
9 were grown via slow evaporation of a concentrated
hexane solution, and SXRD confirmed the product as
the expected regioisomer (Figure 4A). The bond
metric data for 9 are very similar to those previously
discussed for 4 and 6.

EtO,C, Me
A) Et0,C—=—Me =
. @y
Ny Pt (20 equiv.) N, _P=Bu
Mes”™ N \'BBuu Mes 5/ gy
Toluene, RT, 4 days
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B) - ’F'r\ /'Pr
= E Me — Me E
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Mes™ SN NPT : { \@ip Hiv- _ —
Pr MES"N\ AR E N*N/ E
1 Toluene, RT, E 'Pr | Toluene, RT, /
16 hours - 16 hours Mes
E = CO,Et not isolated

10; sole regioisomer

Scheme 6. Regioselective synthesis of heterocycles 9 (A) and 10
(B) via the reaction of azophosphines with ethyl 2-butynoate.

Cc21

Figure 4. Single crystal structures of 9 (A) and 10 (B). Selected
bond distances (A): 9 N1-N2 1.4117(18), N2—P1 1.6382(13), C18—
C19 1.390(2); 10 N1-N2 1.4103(18), N2-C12 1.286(2), C12-C13
1.452(2), C13-P1 1.7268(17). 9 crystallised with two product
molecules in the asymmetric unit; only one is shown here for clarity.
Thermal ellipsoids were drawn at the 50% probability level.?’

The analogous reaction with azophosphine 1
(MesN2PPrz) was attempted, as the smaller P-
substituents could potentially enable access ot the
corresponding seven-membered ring. Azophosphine
1 was reacted with an excess (12 equiv.) of ethyl 2-
butynoate overnight in toluene (Scheme 6B).
Complete consumption of the azophosphine was
observed by S3'P{IH} NMR spectroscopy, and
formation of a new species at 72.4 ppm, consistent
with formation of a five-membered heterocycle,
although we were unable to cleanly isolate this
species. There was no evidence of any formation of
the seven-membered ring, despite the excess of the
alkyne used, which we postulate is due to the reduced
electrophilicity of ethyl 2-butynoate compared to
diethyl acetylenecarboxylate (i.e. the analogous
barrier that would correpsond to TS3 from Scheme 5
in this system is too high to be accessible). However,
subsequent addition of an excess (6 equiv.) of the

more  reactive diethyl acetylenedicarboxylate
((C(CO2EYL))2) to this compound yielded species 10 as
the sole product. Single crystals of 10 were grown via
slow evaporation of a hexane solution, for which
SXRD confirmed the product as the expected
regioisomer of the seven-membered ring (Figure 4B);
this structural assignment was again supported by
2D-NOESY NMR spectroscopy. The formation of
products 9 and 10 demonstrate the regioselective
synthesis of five- and seven-membered rings from
azophosphines.

Catalysis and trapping of intermediate

The formation of the seven-membered rings is
relatively sluggish and an excess of the alkyne was
often used to drive the reacton to completion in a
reasonable timeframe (four equivalents of alkyne
required to form 7 in two days). Although the alkyne is
relatively volatile and can be recycled for future
experiments, we sought to improve the improve the
efficiency of the reation. The rate-determining step for
the formation of the 7-membered ring from the five-
membered precursor is the the attack of the
electrophilic alkyne by the nitrogen centre (TS3 in
Scheme 5). We therefore rationalised that a Lewis
acidic borane could bind to the alkyne and activate it
(thereby lowering the energy of TS3), with the caveat
that the borane would have to be sterically bulky
enough to preclude binding to the nucleophilic
nitrogen centre on the five-membered ring and
quenching its reactivity. We opted to use
tris(pentafluorophenyl)borane, B(CsFs)3, which is
highly Lewis acidic and relatively bulky, and is widely
employed as a main-group Lewis acid catalyst and as
a component of frustrated Lewis pair catalysts.33-39

Five-membered heterocycle 4 (R = iPr) was thus
combined with one equivalent of (C(CO:Et))2 and one
equivalent of B(CeFs)s in toluene (Scheme 7). The
reaction resulted in the rapid formation (<1 hour) of
7+BCF, in which B(CsFs)s is bound to an ester group
in the corresponding seven-membered ring 7. This
adduct was characterised by SXRD (Figure 5A) and
multinuclear NMR spectroscopy, with 7BCF having a
subtly different 3'P{*H} NMR chemical shift to 7 (60.0
ppm (7-BCF), 60.4 ppm (7)). The fact that the borane
is bound to this particular ester group out of the four
available is consistent with the electron-rich nature of
this oxygen centre due to the aforementioned
resonance structure B (Scheme 3B). The bound
borane increases the contribution from resonance
relative to the free 7; this can be seen in the longer
P1-C13 bond distance in 7sBCF (1.7791(15) A vs.
1.7465(14) A in 7). The 7-BCF could be readily
converted to spectroscopically pure 7 by addition of
the nucleophilic amine 4-dimethylaminopyridine
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(DMAP). The same reaction was then monitored with
a substoichiometric amount of B(CeFs)s to assess
whether the borance could be used catalytically; the
rate of reaction of 4 with one equivalent of (C(COzEt))2
with 20 mol% of B(CsFs)s was compared to the same
reaction without B(CsFs)s (Figure 5B). B(CsFs)s was
indeed observed to have a catalytic effect, with the
reaction containing 20 mol% B(CsFs)s reaching 82%
conversion in under two days, and full conversion
within five days; whereas the reaction without
B(CeFs)s had reached only 21% and 43% conversion
at these same timepoints, respectively.

Can 3

EtO,C. / OEt
CO,Et I
. EtO,C / CO,Et

B(CgFs)3 (both 1 equiv.)

EtO,C.  CO.Et
_ Et0,C
@ ipr
N, R
Mes™ g

© Toluene, RT, <1 hour
4 7 BCF

Scheme 7. Synthesis of 7:BCF via the reaction of 4 with
(C(CO:EL)), and B(CeFs)s.

A) a B)

=0 mol% B(CyFy),
o 20 mol% B(CyFs),

\€ £
~<’§ s%
\
p - f’
£ \
Combined yield of 7 and 7-BCF (%)
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ad o 2000 4000 6000 8000 10000
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Figure 5. A) Single crystal structure of 7-BCF. Selected bond
distances (A): P1-C13 1.7791(15), C12-C13 1.465(2), N2—C12
1.281(2), N1-N2 1.4068(18), O7-B1 1.538(2). Thermal ellipsoids
were drawn at the 50% probability level.?” B) Graph showing
conversion of 4 into 7 and 7-BCF in the absence (blue squares) and
presence of 20 mol% (red circles) B(C¢Fs)s in toluene at RT.

It was established previously that the reaction of the
‘Bu-derivative five-membered ring, 6, does not react
further with the alkyne (C(CO:zEt))zto give the seven-
membered ring. When this reaction was repeated with
the addition of one equivalent of B(CeFs)3, complete
converson to a new product 11 was evidenced by a
new chemical shift in the 3'P{H} NMR spectrum at
85.5 ppm. This chemical shift is significantly more
downfield than the 3'P{!H} NMR shifts for seven-
membered rings 7 and 8. Slow evaporation of an n-
hexane solution of 11 yielded crystals suitable for
SXRD, which revealed that the borane had trapped
out the intermediate 12 from Scheme 5 by binding to
the electron-rich carbonyl group in the second
equivalent of the alkyne (Scheme 8 and Figure 6).
Similarly to 4, the inclusion of B(CsFs)s presumably
lowers the enery barrier to the first step by activating
the alkyne to attack from 6, allowing 11 to form.
However, the binding of the borane would also raise
the energy of the second step (attack of the
nucleophilic carbon to the phosphorus centre) as the

carbon is less nucleophilic. In this case with R = 'Bu
substituents, the energy barrier for the subsequent
steps is presumably raised to such an extent that this
now become rate-limiting and inaccessible,
preventing formation of the analogous seven-
membered ring, and stopping the reaction at 11.

EtO,C CO,Et

EIO,C_ COuEt N e

p) 2 N

H Et0,C—=—=—CO,Et Mes™ "y
@ t

'Bu

—N _Bu B(CeFs)s (both 1 equi

Mes ™" N N\, Fs)a (both 1 equiv.) Et0,C7
e )

=0

N\
6 Toluene, RT, <1 hour 11 EtO  gB(CgFs)s

Scheme 8. Reaction of heterocycle 6 with (C(CO;Et)), and B(CgFs)s
to form 11.

Figure 6. Single crystal structure of 11. Selected bond distances
(A) and angles (°): N2-C26 1.440(6), C26—-C27 1.302(6), C27—-C28
1.384(6), C26—C27-C28: 131.9(5). 11 crystallised with two product
molecules and one hexane molecule in the asymmetric unit; for
clarity, only one product molecule is shown here, and the hexane
molecule has been omitted. Thermal ellipsoids were drawn at the
50% probability level.?”

In good agreement with the structure of 12 (and I1)
predicted by DFT, 11 features a partially allenic,
partially bent structure, although the bound borane
increases the contribution from the allenic structure.
The N2—C26 [1.440(6) A] and C26—C27 [1.302(6) A]
bond lengths are consistent  with an
N-C single bond and C=C double bond, while the
C27-C28 [1.384(6) A], being somewhere single and
double bond character.?6:4° The C26—-C27—C28 bond
angle is 131.9(5)°, consistent with a geometry
somewhere between that of an allene and
alkene. In the solution phase, C27 also possesses a
very downfield shift (205.9 ppm) in the 3C{*H} NMR
spectrum of 11, in line with other reported allenes.*%
42 DFT and NBO analyses of the structure of 11 (see
S| for details) is in agreement with the observed
crystallographic data. The N2—-C26 and C26-C27
bonds possess WBI values of 0.96 and 1.82
respectively, while the WBI for C27-C28 (1.36) is
indicative of its partial single- and double-bond
character. The HOMO of 11 is located on the lone pair
of C27, which resides in an sp? orbital.

11 can also be viewed as an example of frustrated
Lewis pair (FLP) capture of diethyl
acetylenedicarboxylate, in which 6 is acting as the
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Lewis base and B(CsFs)s acting as the Lewis acid.
While capture of alkynes with FLPs is common in the
literature, including in FLP-catalysed hydrogenations,
non-terminal alkynes predominantly undergo 1,2-
addition with FLPs to form an alkene-linked
zwitterion.*® The preference here for 1,4-addition is
presumably due to the sterically bulky alkyne, and
bulky nitrogen centre on 6 disfavouring 1,2-addition,
as well as the ability to form a strong boron-oxygen
bond via 1,4-addition. The structurally similar alkyne
dimethyl acetylenedicarboxylate has indeed been
shown to undergo unusual reactivity with FLPs,
including 1,4-addition.*

Conclusions

In conclusion, we have described a general route to
seven-membered P/N-containing heterocycles via
azophosphines. This occurs through initial formation
of the corresponding five-membered ring, before P—N
bond cleavage vyields the analogous seven-
membered ring. The stepwise, rather than concerted,
nature of these reactions was confirmed by DFT
studies, and asymmetric alkynes could be employed
for the regioselective synthesis of new heterocycles.
The incorporation of B(CsFs)s revealed both catalytic
activity, and allowed for trapping of a reaction
intermediate via a frustrated Lewis pair-type
mechanism. We are continuing to explore the
reactivity of the five-membered and seven-membered
heterocycles with small molecules for future
applications.
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