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Pyridyl-Functionalized 1-Phosphabarrelene: Synthesis,
Coordination Chemistry and Photochemical di-n-Methane

Rearrangement

Marlene Bruce,® Martin Papke,”” Andreas W. Ehlers,”™ < Manuela Weber,” Dieter Lentz,”
Nicolas Mézailles,™ J. Chris Slootweg,™ and Christian Miiller*®

Dedicated to the element phosphorus on the 350th anniversary of its discovery.

fAbstract: The [442] cycloaddition of 2-(2'-pyridyl)-4,6-di-
phenyl-A>-phosphinine with the highly reactive dienophile
hexafluoro-2-butyne has been studied and the first pyridyl-
functionalized 1-phosphabarrelene was obtained and struc-
turally characterized. Although monodentate CF;-1-phospha-
barrelenes show only a poor coordination ability, the chelat-
ing nature of the novel PN-hybrid ligand gives access to var-
jous transition-metal complexes. Upon irradiation with UV

o

light, the pyridyl-functionalized 1-phosphabarrelene under-\
goes a rather selective di-m-methane rearrangement in the
coordination sphere of the metal center, leading to the for-
mation of a complex based on a hitherto unknown pyridyl-
functionalized 5-phosphasemibullvalene derivative. DFT cal-
culations provide first insights into the mechanism of this re-
action.

/

Introduction

During the last decade, 1-phosphabarrelenes have emerged to
a fascinating class of phosphorus compounds, which have
proven to be powerful ligands in various homogenous catalyt-
ic reactions.”! Depending on the substitution pattern, these
phosphorus-containing [2.2.2] bicycles can be regarded as
rather rigid, sterically demanding phosphine derivatives with
some degree of m-accepting character due to the strong pyra-
midalization of the phosphorus atom.!"?

The first 1-phosphabarrelene derivative (2) was prepared by
Markl and Lieb in 1968 by a [4+2] cycloaddition reaction of
the aromatic 2,4,6-triphenyl-A*c*-phosphinine (1) with hexa-
fluoro-2-butyne (Figure 1).*) A more common dienophile is in
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situ generated benzyne, which gives the corresponding substi-
tuted benzo-1-phosphabarrelene 3.'%924# Bidentate ligands
featuring at least one phosphabarrelene moiety, such as the
chiral 1-phosphabarrelene-phosphite 4, are very rare, whereas
PN-donor combinations have not been reported in litera-
ture.’®” In 2017, we described for the first time the quantita-
tive and selective photochemical di-t-methane rearrangement
of 1-phosphabarrelene 3 to a racemic mixture of 5-phosphase-
mibullvalene 5, the isolobal phosphorus congener of semibull-
valene.” This novel, rigid phosphorus cage has similar elec-
tronic properties as 1-phosphabarrelene 3 and was successfully
applied as monodentate ligand in the Au'-catalyzed cycloiso-
merization of N-2-propyn-1-ylbenzamide.”” With this in mind,
we now started to investigate the synthesis, coordination
chemistry, and reactivity of potentially chelating 1-phosphabar-
relene and 5-phosphasemibullvalene derivatives based on 2-
(2-pyridyl)-4,6-diphenylphosphinine (6).”

Results and Discussion

During the last decade, we have reported extensively on the
chemistry of (2'-pyridyl)-4,6-diphenylphosphinine 6.°'” These
studies were triggered by the fact, that the combination of
“soft” and “hard” donor atoms within the same molecule
(hybrid ligands) leads to electronically different binding sites,
which often has a considerable impact on their coordination
properties and reactivities."

Following the standard literature procedure for the prepara-
tion of 1-phosphabarrelenes, it unexpectedly turned out that
2-(2"-pyridyl)-4,6-diphenylphosphinine 6 does not react with
benzyne—prepared in situ from 2-bromofluorobenzene and

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Organophosphorus compounds derived from 2,4,6-substituted triarylphosphi-

nines.

magnesium—to the corresponding pyridyl-functionalized 1-
phosphabarrelene 7 (Scheme 1). Apparently, the pyridyl-func-
tionality interferes with the species involved in the formation
of the aryne. Several reagents known to generate benzyne in
situ were also tested without any success, such as 2-iodophe-
noltosylate in combination with iPrMgCl or benzenediazonium-
o-carboxylate.?*'>'¥ Similarly, the use of diethyl acetylenedi-
carboxylate or maleic anhydride as typical dienophiles did not
lead to the desired 1-phosphabarrelene, either.

In light of the successful [4+2] cycloaddition reaction be-
tween phosphinines and hexafluoro-2-butyne, we treated 6
with an excess of hexafluoro-2-butyne at T=85°C in methylcy-
clohexane as solvent for 72 h.®! According to *'P{'"H} NMR spec-
troscopy, an almost complete conversion to a new phospho-
rus-containing species (8) was observed, which was isolated as
a colourless solid after column chromatography and recrystalli-
zation from ethanol/water (20:1). Compound 8 shows a quar-
tet in the *'P{'"H} NMR spectrum at 0=—68.8 ppm and a P—F
coupling constant of J=38.8 Hz. We further found that the
chosen reaction temperature needs to be strictly applied, be-
cause a retro-Diels—-Alder reaction was observed at higher reac-
tion temperatures, which caused regeneration of phosphinine
6. This observation indicates that 8 is only slightly lower in
energy than the mixture of the starting materials 6 and hexa-
fluoro-2-butyne. Figure 2 shows the frontier orbitals of phos-
phinine 6 and hexafluoro-2-butyne. Their energetic positions
suggest a Diels-Alder reaction with a normal electronic
demand between an electron-rich diene and an electron-poor

dienophile (HOMO gene—LUMO gienophite)-
" [@I
< y/4
* 7

z lected bond
X
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Moreover, the shape of the HOMO of 6 and the
LUMO of hexafluoro-2-butyne nicely demonstrates
that the cycloaddition reaction should exclusively
occur in 1,4-position of the phosphorus heterocycle,
h as also observed experimentally.

Crystals of 8 suitable for X-ray diffraction were ob-

tained from a solution of 8 in an ethanol/water mix-

ture (20:1). The compound crystallizes in the space

group P2,/c with one molecule in the asymmetric

unit and the molecular structure of 8 along with se-

lengths and angles is depicted in

I Figure 3. The structural analysis reveals a strong pyra-

midalization of the phosphorus atom (XX (CPC)=

281.5°). This results in a much higher s-character of

the lone pair compared with a classical P" com-
pound.™

E

0,0 -
-2,0 -

4,0

Orbital Energy [eV]

@

-10,0

Figure 2. Frontier orbital interactions in the [4+2] cycloaddition reaction of
phosphinine 6 (diene) with hexafluoro-2-butyne (dienophile; B3LYP-D3/def2-
TZVP).

Clearly, given that the phosphorus atom is P-stereogenic,
compound 8 is formed as a racemic mixture, which was further
confirmed by protonating the pyridyl-functionality of rac-8
with enantiomerically pure (15)-(+)-10-camphorsulfonic acid
(Scheme 2).

The product clearly shows two sets of quartets at
OC'P{'H}) = —69.70 and —69.65 ppm with *J, - =38.4 Hz due to
the presence of the diastereomers 9 and 9" in a 1:1 ratio
(Figure 4).

F,C———CF,
%P V., 6 >
Ph
—
<
7

Scheme 1. Synthesis of pyridyl-functionalized phosphabarrelene 8.
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Figure 3. Molecular structure of 8 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles
[71: P(1)—C(1): 1.865(2); P(1)—C(5): 1.954(2); P(1)—C(23): 1.866(3); C(1)—C(2):
1.325(3); C(2)—C(3): 1.532(3); C(3)—C(4): 1.540(3); C(4)—C(5): 1.325(3); C(23)—
C(24): 1.328(3). C(1)-P(1)-C(23): 94.43(10); C(1)-P(1)-C(5): 95.18(10); C(5)-P(1)-
C(23): 91.86(10).

+° +°
+° +0
e I St St S o o
-68.0 -684 -68.8 -692  -69.6 -700 -70.4 -708 -71.2  -716
3(ppm)

Figure 4. *'P{'"H} NMR spectrum of the 1:1 mixture of diastereomers 9 and 9'.

Despite the fact that we accessed the first pyridyl-substitut-
ed 1-phosphabarrelene, we expected that the presence of CF,
groups close to the phosphorus donor will have a drastic
effect on its coordination properties. As a matter of fact, we re-
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cently showed that monodentate CF;-substituted 1-phospha-
barrelenes neither react with selenium or sulfur to the corre-
sponding P species, nor with in situ generated [M(CO)s(thf)]
(M=Cr, Mo, W) complexes. This is most likely due to an unfav-
orable combination of steric bulk around the phosphorus
atom along with weak net-donating properties.®'®

However, we anticipated that the possible chelating nature
of the PN-hybrid ligand 8 should provide access to coordina-
tion compounds which would not be favorable in the case of
the monodentate 1-phosphabarrelene 2. Thus, 8 was reacted
with various metal sources, such as [Rh(cod),]BF, (cod=1,5-cy-
clooctadiene), [Rh(CO),Cl],, [W(CO),(CH;CN),], and [Fe;(CO),,]
(Scheme 3).

Pleasantly, in all cases a distinct reaction between the ligand
and the metal precursor was observed. Upon reaction of 8
with [Rh(cod),]BF, in dichloromethane, an orange-red solution
is immediately formed, the *'P{"H} NMR spectrum shows exclu-
sively one resonance at d=-9.2 ppm and a 'J,_g, coupling
constant of 182.2 Hz as well as a *J,; coupling constant of
14.2 Hz. These data are consistent with the formation of
[(8)Rh(cod)]BF, (10).

Using 0.5 equivalents of [Rh(CO),Cll, in dichloromethane
gives a brown solution which shows again the quantitative for-
mation of a metal complex of 8 with a doublet of quartets at
0=215ppm in the *P{'H}NMR spectrum ("Jp_g,=198.2 Hz,
*Jo =142 Hz). In the "C{'H} NMR spectrum of the reaction
product, a doublet of doublets at 6 =187.3 ppm is observed,
which is indicative for the presence of a CO ligand ('Jc gy=
67.8, YJc_p=16.9 Hz). The magnitudes of both the %, . and the
'Je_an coupling constants are in line with the P atom trans to
ClI~ and the Natom trans to the CO ligand, as expected for
square planar Rh'(CO)Cl complexes containing PN-hybrid Ii-
gands."” The IR spectroscopic data of the new compound re-
veals a strong absorption band at #=2014cm™' for the
stretching vibration of the coordinated CO.

Upon heating a 1:1 mixture of 8 and [W(CO),(CH;CN),] at
reflux in tetrahydrofuran for 1h, only one resonance was
detected in the *'P{'"H} NMR spectrum at 0 =—2.4 ppm with a
coupling constant of *J, ;=17.7 Hz and tungsten satellites

+ HO,S
F,C - >
CF,

Ph

N P\

h
~
\ N
rac-8 diastereomers 9 and 9'

Scheme 2. Reaction of rac-8 with enantiomerically pure (15)-(+)-10-camphorsulfonic acid under formation of diastereomers 9 and 9'.
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Scheme 3. Synthesis of coordination compounds 10-13 starting from rac-8.
Only one enantiomer of each complex is shown.

("Jo_w=271.5 Hz). The substitution of two acetonitrile ligands
from the starting complex by the chelating PN-hybrid ligand is
also evidenced in the C{"H} NMR spectrum, because four sig-
nals for four different CO ligands were found. They all show
coupling to the phosphorus atom and appear at 6=201.7

9
LD
U\ i\_ J
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(Jep=6.4 Hz), 204.3 (Je_p=7.9 Hz), 209.6 (J_p=39.9 Hz), and
210.6 ppm (*Jc_p=5.3 Hz). The wavenumbers of the respective
IR-stretching frequencies were found at 7=2022, 1891 (br) and
1846 cm™' (br). The coordination compound [(8)W(CO),] (12)
was thus formed.

Reaction of 8 with [Fe;(CO),,] leads mainly to the 1-phospha-
barrelene iron carbonyl complex 13, which was purified by
column chromatography and isolated in 46% yield."® Com-
pound 13 was characterized by a resonance in the *'P{'"H} NMR
spectrum at 0 =27.0 ppm with *J, ;=153 Hz and shows car-
bonyl-stretching absorptions in the IR spectrum at 7=2001,
1946, and 1900 cm™'. Scheme 3 illustrates a summary of the
coordination chemistry of 8. Compounds 10-13 were obtained
in high yields as yellow to red/brown solids after workup. It
should be mentioned that complexes 10-13 are thermally
stable at least up to the boiling temperature of the solvent
used for their preparation and no sign of any retro-Diels—Alder
reaction was observed. Moreover, 10-13 were obtained as rac-
emic mixtures, because rac-8 was used as the starting material.

Single crystals suitable for X-ray diffraction were obtained by
slow diffusion of diethyl ether into a solution of 10 in dichloro-
methane and pentane into a solution of 12 and 13 in tetrahy-
drofuran. The molecular structures of 10, 12, and 13 in the
crystal along with selected bond lengths and angles are de-
picted in Figure 5, Figure 6, and Figure 7. The crystallographic
characterizations of complexes 10, 12, and 13 indeed reveal
their mononuclear nature and show that the expected com-
plexes (Scheme 3) have been formed.

In all cases, the pyridyl-functionalized 1-phosphabarrelene
acts as a chelating PN-hybrid ligand with corresponding P-M-N
bite-angles of 77.2-84.3°. Upon coordinating 8 to the metal
fragment, the pyramidalization of the phosphorus atom in 10

Figure 5. Molecular structure of 10 in the crystal. Displacement ellipsoids are shown at the 50% probability level. One solvent molecule (dichloromethane) is
omitted for clarity. Selected bond lengths [A] and angles [°]: P(1)—C(1): 1.832(1); P(1)—C(5): 1.815(1); P(1)—C(23): 1.849(1); P(1)—Rh(1): 2.2403(3); N(1)—Rh(1):
2.163(1); C(1)—C(2): 1.339(2); C(2)—-C(3): 1.533 (2); C(3)—C(4): 1.556(2); C(4)—C(5): 1.335(2). C(1)-P(1)-C(5): 97.16(5); C(23)-P(1)-C(1): 98.95(5); C(23)-P(1)-C(5):

94.39(5); P(1)-Rh(1)-N(1): 81.62(3). % (CPC)=290.5°.

Chem. Eur. J. 2019, 25, 14332 - 14340 www.chemeurj.org
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Figure 6. Molecular structure of 12 in the crystal. Displacement ellipsoids are shown at the 50% probability level. Two solvent molecules (tetrahydrofuran) are
omitted for clarity. Selected bond lengths [A] and angles [°]: P(1)-C(1): 1.844(4); P(1)—C(5): 1.828(4); P(1)—C(24): 1.855(4); P(1)-W(1): 2.457(1); N(1)-W(1):
2.299(4); C(23)—C(24): 1.333(6); C(1)—C(2): 1.332(6); C(2)—C(3): 1.545(6); C(3)—C(4): 1.530(6); C(4)—C(5): 1.333(6). C(1)-P(1)-C(5): 96.7(2); C(1)-P(1)-C(24): 94.0(2);

C(5)-P(1)-C(24): 96.0(2); P(1)-W(1)-N(1): 77.2(1). ZX (CPC) =286.7".

Figure 7. Molecular structure of 13 in the crystal. Displacement ellipsoids are shown at
the 50% probability level. Selected bond lengths [A] and angles [°]: P(1)—C(1): 1.845(5);
P(1)—C(5): 1.8330(5); P(1)—C(23): 1.864(5); P(1)—Fe(1): 2.1439(15); N(1)—Fe(1): 2.057(4);
C(23)—C(24): 1.327(7); C(1)—C(2): 1.325(7); C(2)—C(3): 1.538(7); C(3)—C(4): 1.542(6); C(4)—
C(5): 1.330(7). C(1)-P(1)-C(5): 97.6(2); C(1)-P(1)-C(23): 93.4(2); C(5)-P(1)-C(23): 94.4(2); P(1)-
Fe(1)-N(1): 84.02(12). = % (CPC) =285.5°.

C(1)—C(2) and C(4)—(5) of the [2.2.2] bicycle are only
marginally elongated in complexes 10 and 12.

We have recently demonstrated that 1-phospha-
barrelene 3 undergoes a photochemical di-t-meth-
ane rearrangement towards a racemic mixture of the
1-phosphasemibullvalene 5 (see Figure 1).>'" In light
of this quantitative and selective conversion, it was
consequently of interest to evaluate 1-phosphabarre-
lene 8 in the same photochemical process. Zimmer-
man and Liu showed that the bis-trifluoromethyl-sub-
stituted barrelene A also undergoes a di-m-methane
rearrangement in the presence of a photosensitiz-
er? However, in this particular case, the reaction is
not selective and three different CF;-substituted sem-
ibullvalenes (B-D) in the ratio of 4:2:1 were identified
(Scheme 4).

These isomers were formed because all three
double bonds are potentially involved in the mecha-
nism of the di-m-methane rearrangement, also the
CF;-substituted one.”” In the case of 1-phosphabar-
relene 8, the chirality at the phosphorus atom is
likely to complicate even more this process. As antici-
pated, the photolysis of a tetrahydrofuran solution of
1-phosphabarrelene 8 under UV light for a prolonged
time unfortunately resulted in the formation of sever-
al products. However, we reasoned that the photoly-
sis of coordinated phosphabarrelene 8 might be
more selective. Indeed, exposing a solution of Rh'

(Zx(CPC)=290.5°), 12 (ZX(CPC)=286.7°), and 13 complex 11 in tetrahydrofuran to sunlight, the slow transfor-
(2 (CPC) =285.5°) is slightly reduced compared with the free  mation of 11 into a new species (14) was noticed after several
ligand (ZX(CPC)=281.5°), whereas the C=C double bonds hours (Figure 8, spectra (a) and (b)).

Chem. Eur. J. 2019, 25, 14332 - 14340 www.chemeurj.org 14336
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Scheme 4. Photochemical di--methane rearrangement of barrelene A (a)
and bis-CF,-substituted barrlelene C (b).?”

Like 11, this new compound shows a doublet of quartets
with 'Jp 5, =188.2 and %J, ;=7.6 Hz at S('P{'"H})=109.2 ppm.
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Upon further irradiating 11 with UV light, a second Rh complex
(15) is formed, which was detected as a minor species at 6 =
100.6 ppm with *J, :=9.1 Hz. The full conversion of 11 into 14
and 15 is finally achieved after 6 hours (Figure 8, spectrum (f)).
We further found that exposing a solution of 11 in tetrahydro-
furan to daylight for 5 days led to a similar conversion as the
irradiation 11 with UV light for only 2 hours (Figure 8, spectra
(d), (e)). Compounds 14 and 15 were obtained in a ratio of
10:1.

Much to our delight, we were able to isolate the major Rh
species (14) and single crystals suitable for X-ray diffraction
were obtained by slow diffusion of diethyl ether into a solution
of 14 in dichloromethane. Figure 9 shows the crystallographic
representation of 14 along with selected bond lengths and
angles.

From the structural characterization of complex 14 it is
indeed clear that a chelating 5-phosphasemibullvalene deriva-

1"
irradiation UV light 6 h

daylight 5 d

) ol o . irradiation UV light 2 h
() I || irradiation UV light 1h
() 1 i daylight ~ 8h
@ | daylight < 1h

150 140 130 120 110 100 90 80 70 60

8 [ppm]

50 40 30 20 10 0 -0 -20

Figure 8. Time-dependent *'P{'"H} NMR spectra for the light-induced conversion of complex 11 to two new coordination compounds 14 and 15.

Figure 9. Molecular structure of 14 in the crystal. Only one independent molecule is represented. Displacement ellipsoids are shown at the 50% probability
level. Selected bond lengths [A] and angles [°]: P(1)—Rh(1): 2.163(9); N(1)—Rh(1): 2.170(3); P(1)—C(1): 1.836(4), P(1)—C(23): 1.834(4); P(1)—C(5): 1.823(3); Rh(1)—
CI(1): 2.360(1); Rh(1)—C(27): 1.829(4); C(27)—0(3): 1.144(4); C(4)—C(24): 1.483(5); C(24)—C(23): 1.336(5); C(1)—C(2): 1.349(5); C(2)—C(3): 1.491(5); C(3)—C(5):
1.531(5); C(5)—C(6): 1.480(5); C(3)—C(4): 1.575(5). C(1)-P(1)-C(23): 93.0(2); C(1)-P(1)-C(5): 93.5(2); C(5)-P(1)-C(23): 92.9(2); P(1)-Rh(1)-N(1): 81.77(8); CI(1)-Rh(1)-

C(27): 88.9(1); C(27)-Rh(1)-P(1): 95.6(1);CI(1)-Rh(1)-N(1): 93.77(8).
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tive has been formed. The P(1)-Rh(1)-N(1) bite angle of
81.77(8)° is very similar to the Rh' complex 10, containing the
1-phosphabarrlene 8 as ligand. As expected, the CO group is
located trans to the pyridine ring, presumably because the ni-
trogen atom is a stronger o-donor than the P atom of the 5-
phosphasemibullvalene moiety. The wavenumber of the corre-
sponding asymmetric stretching vibration of the CO ligand
was found at #=2008 cm™' in the IR spectrum. This shows
that the pyridyl-substituted 5-phosphasemibullvalene has simi-
lar net-donor properties compared to the pyridyl-functional-
ized 1-phosphabarrelene 8 (#=2014 cm™' in 11). According to
the *'P{"H} NMR spectra shown in Figure 8, it is clear that the
minor product 15 must be a Rh' complex that is based on a
phosphorus- and fluorine-containing ligand. However, given
that no structural data of 15 are available, we can at this stage
only propose that an isomer of the chelating 5-phosphasemi-
bullvalene derivative is present in 15 (see below).

Motivated by these results, we also started to investigate
the reactivity of tungsten complex 12 towards light and found
again that this coordination compound is quantitatively con-
verted into the two new complexes 16 and 17 upon irradiation
with either daylight or UV light (see Figure S24, Supporting In-
formation). Similarly, the products were formed in this case in
a ratio of nearly 10:1 and we were able to isolate the major
product 16. Unfortunately, the poor quality of the single crys-
tals allowed only for determining the connectivity of the
atoms. It turned out, however, that the same isomer as ob-
served for complex 14 was formed (Figure S25, Supporting In-
formation). The wavenumbers of the corresponding asymmet-
ric stretching vibrations of the CO ligands in 16 were found at
7=2024, 1898, and 1861 cm™". This shows again that the 5-
phosphasemibullvalene has similar net-donor properties as the
pyridyl-functionalized 1-phosphabarrelene 8 (7=2022, 1891
(br) and 1846 cm™' (br) in 12).

As evident from our studies, the photochemical di-m-meth-
ane rearrangement of a 1-phosphabarrelene in the coordina-
tion sphere of a metal center seems to be a general reaction
and is much more selective than observed for the uncom-
plexed bis-CF;-1-phosphabarrelene 8 (Scheme 5).

To get insight into the initial step of the mechanism of this
rather selective photochemical transformation, we started to
perform time-dependent (TD)-DFT calculations at the B3LYP/6-
31G*//B3LYP-D3/Def2-TZVP level of theory. In contrast to the
metal-free barrelenes, the theoretical investigations revealed
that the initial photoexcitation of 11 proceeds from metal-cen-

L,M = Rh(CO)CI: 11
LM = W(CO),: 12

L,M = Rh(CO)CI: 14
L,M = W(CO),: 16

Scheme 5. Photochemical di-t-methane rearrangement of 11 and 12 to 14
and 16, respectively, in the coordination sphere of a metal center.

Chem. Eur. J. 2019, 25, 14332 - 14340 www.chemeurj.org

14338

CHEMISTRY

A European Journal

Full Paper

tered d-type orbitals into one of the almost degenerated
m* orbitals of the 1-phosphabarrelene (Figure 10)."”
This occurs either through a lower-energy (593.4 nm), low-in-
tensity (f=0.001) transition from the HOMO into the LUMO at
the range of visible light, or a higher energy (507.6 nm) and
more effective (f=0.008) excitation from the HOMO-—1 into
the LUMO (for a graphical representation of the molecular or-
bitals see Figure S26 in the Supporting Information).

LUMO LUMO+1

Figure 10. Frontier orbitals of 11 (L,M=Rh(CO)CI).

In fact, the vertical-excited triplet state of 11 shows the spin
density to be concentrated on the Rh center as well as on the
carbon atoms C1, C2, and C3 (Figure 11). Thus, excitation into
the LUMO (¢=—0.111 eV) creates a bonding interaction (over-
lap) between C2 and C3, resulting in biradical 11a with a
newly formed bond between these two atoms (Scheme 6).

Figure 11. Spin density of vertical-excited triplet state of 11.

Starting from biradical 11a and based on the known mecha-
nism of the photochemical di-t-methane rearrangement reac-
tion of barrelenes, we propose the subsequent formation of
complex 14 via 11b, which is in line with our experimental
findings (Scheme 6, see also Figure S27, Supporting Informa-
tion).

Interestingly, the theoretical calculations further show that
excitation from the HOMO into the LUMO+1 (e=—0.092 eV) at
slightly higher energies (468.5 nm, f=0.006) causes a bonding
interaction between C2 and C4 under formation of biradical
11c. The corresponding photochemical rearrangement would
then lead to isomer 15 via 11d. Moreover, complex 15 is calcu-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 6. Proposed mechanism for the formation of coordination com-
pounds 14 and 15 by a photochemical di-t-methane rearrangement of 11
(L,M=Rh(CO)Cl).

lated to be only 1.8 kcalmol™" higher in energy than 14, which
is fully consistent with our experimental observation of a
minor product during the photochemical di-w-methane rear-
rangement (Figures 8 and S1, Supporting Information). The
same proposed mechanism should be operative for the con-
version of the tungsten complex 12 into 16.
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Conclusions

We have investigated the [4+2] cycloaddition reaction of the
reactive dienophile hexafluoro-2-butyne to 2-(2-pyridyl)-4,6-di-
phenylphosphinine and obtained a hitherto unknown pyridyl-
functionalized 1-phosphabarrelene as a racemic mixture, which
was characterized by single crystal X-ray diffraction. DFT calcu-
lations suggest a normal HOMOene~LUMO genophie Diels—Alder
reaction, whereas the shape of the frontier orbitals of both
phosphinine and hexafluoro-2-butyne explain the exclusive ad-
dition of the dienophile to the 1,4-position of the phosphorus
heterocycle. Although monodentate bis-CF;-substituted 1-
phosphabarrelenes show only poor coordination abilities due
to a combination of poor nucleophilic properties of the phos-
phorus atom and steric factors, we were able to synthesize
and structurally characterize a series of transition-metal com-
plexes based on the novel PN-hybrid ligand by making use of
its chelating nature. Moreover, we demonstrate here for the
first time that the photochemical di-t-methane rearrangement
of the bis-CF;-substituted 1-phosphabarrelene moiety is a
much more selective process when it occurs in the coordina-
tion sphere of a metal center, leading to chelating 5-phospha-
semibullvalene derivatives and their respective transition-metal
complexes. Such compounds might play an interesting role as
novel (chiral) PN-hybrid-based complexes in transition-metal-
mediated transformations and homogeneous catalysis. In this
respect, we found that the pyridyl-substituted 5-phosphasemi-
bullvalene has similar net-donor properties as the pyridyl-func-
tionalized 1-phosphabarrelene. DFT calculations give insights
into the first step of the mechanism of the photochemical rear-
rangement of a 1-phosphabullvalene based ligand bound to a
transition-metal fragment.”"!
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