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ABSTRACT: Tris(bicyclo[1.1.1]pentyl)phosphine can be prepared
by radical addition of PH; to [1.1.1]propellane, giving the smallest tri-
tert-alkyl phosphine known. PBcps is substantially smaller than PCy;
and is comparable in electron donating power to PEts. It gives a bis-
ligated Pd(0) complex Pd(PBcps). that is exceptionally reactive to-
wards alkyl halide oxidative addition and functions as a general ligand
for palladium-catalyzed cross-coupling of sp® electrophiles. Radical
addition of [1.1.1]propellane to phenylphosphine gives the
bis(bicyclo[1.1.1]pentyl)phosphine derivative PBcp,Ph, illustrating
the generality of this approach to bicyclopentyl phosphine synthesis.

INTRODUCTION

The use of organophosphines as ligands in organometallic chemis-
try has been an enabling technology in catalysis with applications span-
ning from hydroformylation to cross-coupling chemistry. As phos-
phines’ primary role is to modify the reactivity of metal ions to which
they are bound, there have been many attempts to develop new phos-
phine ligands with distinct properties and to describe them in terms of
quantifiable dimensions that might confer predictive power to their
applications.'® Two of the most enduring phosphine descriptors relay
information about electron donor power and size: the Tolman elec-
tronic parameter (TEP) and cone angle.* These parameters are both
defined by properties of the corresponding nickel tricarbonyl complex
and are controlled by the identity of the organic substituents, which
complicates efforts to modulate electronic or steric features of a phos-
phine ligand independently. In particular, trialkylphosphines represent
the most electron-donor subclass of organophosphines, but their elec-
tron donating power tends to strongly correlate with the degree of
branching of the alkyl phosphine. Thus, trialkylphosphine electron
donating power follows PMes < PEt; < PPr; < P'Bus, spanning the
range of Tolman electronic parameters (TEPs) from 2064 cm™ to 2056
cm’, but also a range of cone angles from 118° to 182° following the
same order.*

Within a family of trialkyl phosphines, steric and electronic param-
eters can be modulated over a narrow range by modifying the substitu-
ent (e.g. PCys vs P'Pr; vs PCyps [Cyp = cyclopentyl] for tri-sec-alkyl
phosphines). Large libraries of related phosphines are necessary owing
to the sensitivity of many catalytic transformations to small modifica-
tions in the supporting ligands. For instance, the Fu group has shown
that alkyl electrophiles can undergo palladium-catalyzed cross-coupling
without deleterious p-hydride elimination in several cases, but these
transformations are exquisitely sensitive to the ligand employed, re-

quiring subtly different ligands for otherwise closely-related transfor-

mations.**0

Unlike for the tri-sec alkyl phosphines, comparatively few homo-
leptic tri-tert-alkyl phosphines have been reported despite the im-
portance of the archetype P'Bus. In one recent report, the Carrow
group described the synthesis and properties of PAds, which was
shown to be one of the most donor trialkyl phosphines yet described
while closely matching the size of P'Bus."" This appears to be a rare
achievement, highlighting the importance of exploring new substitu-
ents in organophosphorus chemistry.
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Figure 1. Descriptive parameters of tri-tert-alkylphosphines.* !!

RESULTS AND DISCUSSION

Inspired in part by the work of Carrow, we set out to expand the
very small family of homoleptic tri-tert-alkylphosphines with the aim of
synthesizing tris(bicyclo[1.1.1]pentyl)phosphine (PBcps, Bcp = bicy-
clo[1.1.1]pentyl) (Figure 1). Our preliminary computations identified
this phosphine as a potential P'Pr; isostere, and the broad commercial
availability of the precursor for [1.1.1]propellane convinced us that this
aim was synthetically tractable. After briefly exploring the chemistry of
bicyclopentyl tributyl stannane, we focused our synthetic efforts on
direct radical alkylation of PH; by [1.1.1]propellane. This approach
was inspired by Wiberg’s synthesis of PBcpPh, from HPPh, and
[1.1.1]propellane.!> We found that this transformation could be easily
extended to the dialkylation of H.PPh to give PBcp.Ph by irradiation of
a[1.1.1]propellane and phenylphosphine solution with a 4W low pres-
sure Hg lamp (eqn. 1).

Hg lamp (4W) P<ph
é + PHPh — > (1)
Et,O

Direct synthesis of tris(bicyclopentyl)phosphine by the same ap-
proach would require use of PHj, a toxic and highly flammable gas.”® A
recent report by Ball and coworkers showed that PH; can be safely
generated by the acid hydrolysis of zinc phosphide in one chamber of a
two-chamber vessel and consumed in the second.'*'s For our initial
attempts, we emulated this approach using a custom two-chamber



quartz vessel. Acid hydrolysis of zinc phosphide with aqueous sulfuric
acid pressurized the headspace with phosphine. In the second cham-
ber, a solution of [1.1.1]propellane was irradiated with a 4W Hg lamp
(eqn. 2). Evaporation of the crude solution followed by sublimation
gave colorless crystals with a faint odor reminiscent of PMe; and a
melting point of 102 °C. To safely scale the synthesis, we developed
modified conditions employing a Kipp generator as a self-regulating
source of low-pressure PHs. Irradiation of PHs and a [1.1.1]propellane
solution in a quartz round-bottom flask allows the synthesis of ca. 1.2 g
batches of PBcps (34% yield) after purification by evaporation, subli-
mation and a final filtration. >P{'H} NMR spectra of crude reactions
suggest PBcps is the major phosphorus-containing product in all cases.
The convenient purification steps are required to remove small and
variable amounts of the corresponding phosphine oxide, and an in-
completely characterized byproduct which we suspect to be the ho-
mologated phosphine (Bcp2)P(C[CH.]3C-C[CH.]sCH) likely result-

ing from radical oligomerization.'> 16
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The proton-decoupled 3P NMR spectrum of PBcps appears as a
singlet at -32.3 ppm. The '"H NMR spectrum is similarly simple with
the methylene positions of the bicyclopentyl groups being completely
equivalent and the methine positions appearing as a doublet with very
large *Jeu coupling of 28 Hz. Wiberg has noted a comparably large
coupling in his synthesis of (bicyclopentyl)diphenylphosphine.'? Large
transannular coupling in bicyclopentyl derivatives is believed to stem
from spatial overlap of the bridgehead carbon orbitals. For instance, the
HOMO of the parent hydrocarbon bicyclo[1.1.1]pentane is the anti-
symmetric combination of the two bridgehead C-H bonds.'” Accord-
ingly, the proton-coupled *'P NMR of PBcps appears as a quartet show-
ing splitting by the three equivalent methines. We find that this
transannular “Jen coupling increases significantly on metal ion binding
(See the supporting information).

Figure 2. ORTEPs of PBcp; (left) and complex 3 (right) shown at
50% probability.

“BAF,

In crystalline form, PBcps is stable in air for days. The high crystal-
linity and very high melting point of 102 °C versus -67 °C for PPr;'®
and 19 °C for P'Bus" is an unusual feature which substantially simpli-
fies its isolation and purification. X-ray crystallographic analysis of a
single crystal confirms the expected structure and provides an oppor-
tunity to examine its structural features in detail (Figure 2, left). The
structural metrical parameters revealed by single-crystal x-ray analysis
describe a trialkyl phosphine with a sum of CPC angles of 305.2(1)".
The phosphorus atom is displaced from the CCC centroid by 0.814(1)
A, which is consistent with substantially increased pyramidalization
relative to PBus (0.699(1) A).”* The P-C bond lengths in PBcps aver-
age 1.829(1) A, which is substantially shorter than P‘Bus (1.911(2)
A)¥ or P'Pr; (1.862(7) A)'® and comparable to PPhs (1.832(3) A),°
potentially resulting from increased carbon s-character'” ?! in the P-C
bonds. The small bicyclopentyl substituents have a transannular dis-

tance of 1.886(3) A, reflecting the bond strain in the bicyclic ring sys-
tem which likely contributes to the short P-C bond. Intramolecular
H...H contacts of 2.30(2) A between adjacent methylenes on the same
bicylopentyl group are much shorter than the sum of their VAW
radii;?>® their intermolecular contacts being closer to 2.45(2) A.

Cs—Au—m + PBcps ——»  BepzP-Au-Cl
CH,Cl, 1

%Vpuriz.20) = 30.6% PBcps

33.4% PCys?

34.0% PPry?

40.0% P'Bug®

1 equiv.

Figure 3. Synthesis of 1 and computation of its % buried volume
(%Vbur). “Reference 24, Reference 11, but also reported as 38.1%.%*

Steric Properties. Using reported methodology,® we calculated
the cone angle of PBcps to be 167°, substantially smaller than P'Bus’s
angle of 182° and even smaller than PCys (170°).* Binding of PBcps to
(tht)AuCl (tht = tetrahydrothiophene) afforded the gold(I) complex
(BcpsP)AuCl (1) which provided structural information needed to
determine its % buried volume (%Vuur),2* 2 (30.6% d = 2.28,36.1% d =
2.00). These metrics define PBcps as the smallest tri-tert-
alkylphosphine yet prepared, aligning it closely in size to PCy; and
P'Pr; in cone angle and much smaller than both in %V (Figure 3). Its
small size relative to P‘Bus can be demonstrated by the synthetic se-
quence shown in equation 3. Addition of PBcps to
[(cod)Ir(pyridine )2 ] BArs (2) (BAr%, = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) gave the Crabtree’s catalyst ana-
logue 3 (eqn. 3). The corresponding P'Pr; and PCys complexes are
known,*” but not the P'Bus analogue. There has been extensive work*
% on such analogues since their discovery in the late 70s, yet 3 is the
first tri-tert-alkylphosphine derivative yet reported. Attempts by our
own group to prepare the P'Bus derivative of 3 failed by multiple
routes, and while we could find no corroborating reports of similar
failure in the literature, their absence alongside our attempts would
argue that the large size of P'Bus prevents its binding.?® As further evi-
dence, one can examine the pair of analogous rhodium complexes (7*-
norbornadiene)Rh(PR;)Cl where R = Cy and tBu.?! Their Rh-P bond
lengths differ by more than 0.11 A (2.3160(1) A vs 2.4334(1) A) with
the latter falling in the top 2% of rhodium-trialkyl phosphine bond
lengths in the CCDC. Thus, it seems that PBcps’s small size allows for
the preparation of tri-tert-alkylphosphine complexes in cases where

I OBArf,
- ®
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P'Bus is unsuitably large.
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Electronic Properties. The electronic properties of PBcps were
also investigated. Preliminary calculations of the TEP using reported
DFT methods®**3* known to be reliable for many ligand derivatives
suggested that PBcps should have a TEP of 2059 cm™, a value less do-
nating than P'Buz and in line with P'Pr3. We also undertook the synthe-
sis of the model rhodium complex (acac)Rh(CO)(PBcps) (4) (eqn. 4)
in order to obtain an experimental value which could be correlated to
the TEP.3* The CO stretch in 4 is observed at 1969 cm™ in dichloro-
methane solution, which correlates with a TEP of 2064 cm™.!l 3435
While this value deviates from the computational prediction by only §
cm’, nearly all trialkyl phosphines fall in this S cm™-wide range. Analy-
sis of the experimental 3'P-7’Se coupling constant of the phosphine



selenide Se=PBcp; gave a value of 692 Hz, which correlates with a TEP
of 2063 cm™%3¥ The disagreement between predicted TEP values
obtained by computational and experimental proxies encouraged us to
prepare the benchmark (BcpsP)Ni(CO)s compound from Ni(CO)s
in-situ®**! and measure its Ai stretching frequency directly. The authen-
tic nickel carbonyl stretch is observed in solution at 2061.0 cm™ con-
firming that PBcps is a surprisingly poor electron donor for a tri-tert-
alkylphosphine. Its TEP is consistent with a phosphine less electron
donating than P'Pr; (2059.2 cm™) and very near to PEts (2061.7 cm®
1).* The lack of accuracy in TEP prediction by typical methods333 3638
also suggests that direct measurement of the LNi(CO)s infrared spec-
trum remains the only reliable means of rank ordering phosphine do-
nor powers that fall in the narrow range occupied by trialkyl phos-
phines. That said, the (acac)Rh(CO)L system does successfully pre-
dict the TEP of PAds;" whose nickel tricarbonyl complex
AdsPNi(CO)s absorbs at 2052.1 cm™ (See supporting information).
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Figure 4. Computed relative strain energies in monocyclic and bicyclic
P(CsHy)s isomers. Only PBcps has been reported.

The unusual structure of the bicyclopentyl group imputes signifi-
cant strain energy. Wiberg has calculated the parent hydrocarbon bicy-
clo[1.1.1]pentane to have a strain energy of 68 kcal-mol™.** Our calcu-
lations describe PBcps as being uphill from the isomeric and as yet
unreported tris(1-pentenyl)phosphine by 134 kcal/mol. PBcps is also
predicted to be uphill from tris(1-bicyclo[2.1.0]pentyl)phosphine (an
isomeric and unreported derivative of housane) by 42 kcal/mol (Fig-
ure 4). The most significant manifestation of this strain is the small size
of PBcp; relative to P'Bus. Despite its strained structure, PBcps appears
to be thermally stable at least up to its melting point and apparently
resistant to C-C scission in the case of the Au(I), Rh(I), Ir(I) and
Pd(O) complexes described here.
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Figure S. Comparison of phosphine ligands in a survey of sp? electro-
phile cross-coupling reactions. The reported optimized ligand for each
reaction is outlined. *experimental.* *computed metrics.®

Catalytic Applications. Having explored the steric and electronic
features of PBcps, we sought to investigate its properties as a support-
ing ligand in catalysis. After careful consideration we selected for study
a family of palladium-catalyzed cross-coupling reactions of sp* electro-
philes developed by the Fu group. In a series of reports over several
years, Fu and coworkers showed that sp>-hybridized electrophilic cou-
pling partners bearing p-hydrogens can undergo productive palladium
catalyzed cross-coupling with sp? and sp®-hybridized nucleophilic cou-
pling partners.”'® These transformations are remarkably sensitive to
the phosphine, such that the relatively similar phosphines P‘BuxMe,
P'Pr3, PCys, and PCyps (Cyp = cyclopentyl) are most likely to perform
well while P‘Bus gives poor yields across the series of transformations.
Under reported conditions, PBcps performs remarkably well across the
family of reactions shown in Figure S, in all cases rivaling the ligand for
which the transformation had been previously optimized. Although
PBcps is not superior to each reaction’s optimized ligand under report-
ed conditions, it is more general across the array of challenging reac-
tions tested than any of the other ligands examined. This is most clear
for the Hiyama® and Stille'® reactions, which are the most sensitive to
the ligand employed. Among the ligands tested, P'‘BuzMe, P'Pr3, and
PCyp; are all air-sensitive oils which incur hazardous shipping fees
from major suppliers, illustrating a strength of PBcps which it shares
with PCys. The aryldialkyl phosphine PCy,Ph provides an uneven
showing despite possessing very similar electronic* and steric** param-
eters to PBcps, highlighting the importance of considering factors be-
yond those captured in Tolman’s descriptive parameters."

As a final catalytic test, we examined the Negishi reaction present-
ed in Figure S(C) in more detail. This transformation is the only one of
the four tested to have been reported at elevated temperatures. When
conducted at 23 °C instead of 80 °C the majority of phosphines give
substantially diminished yields with PBcps being least affected (Figure
6). The corresponding alkyl chloride gives <6% yield in all cases at 23
°C but undergoes cross-coupling by the Pd/PBcps system in moderate
yields at temperatures as low as 40 °C.
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Figure 6. Effect of reaction temperature and alkyl halide in a sp*-sp’
Negishi reaction.
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Figure 7. Rates of oxidative addition of L,Pd(0) complexes under
pseudo first-order conditions.
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The difference in catalytic performance of PCy; and P'Bus in the
cross-coupling of sp? electrophiles has been previously attributed to
very different rates of oxidative addition of 1° alkyl halides to the corre-
sponding bis-ligated palladium(0) complexes.” Fu and coworkers
showed that Pd(PCys), and Pd(P*Bu:Me), readily react with 1° alkyl
halides at 0 °C, but Pd(P'Bus), does not. In our hands, PBcps forms the
isolable Pd(0) complex Pd(PBcps). (5) (eqn. S) that is fiercely reac-
tive with 1° alkyl halides. For instance, Pd(PBcps) undergoes oxidative
addition with 1-bromo-3-phenylpropane at -5 °C an order of magni-
tude faster than does Pd(PCys3). or Pd(PCyps). (Figure 7). As this
reaction likely takes place via an Sn2 process,***¢ the high nucleophilici-
ty of Pd(PBcps)2 most probably stems from its small size relative to
other isolable bis(phosphine )palladium complexes. Pd(PBcps). readily
crystalizes in a distorted linear geometry with a P-Pd-P angle of
168.62(3)°. This angle is intermediate between Pd(PCyps).
(173.28(2)°) and Pd(PCys)> (158.4(3)°) (Figure 8).” Bending in
PdL, compounds has been attributed to dispersive interactions be-
tween the ligand groups.” ** Additionally, Pd(PBcps). (5) does not
form Pd(PBcps)s on treatment with a third equivalent of ligand in
solution at room temperature, which may contribute to PBcps’s im-
pressive generality under the array of Pd/L ratios tested.

o
S

Figure 8. ORTEPs of Pd(PBcps)2 (5) (left) and of Pd(PCyps)2 (right)
shown at 50% probability.
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Figure 9. Plot of TEP versus Cone Angle for some trialkylphosphines.

CONCLUSION

These findings describe PBcps as a highly unusual tri-tert-alkyl
phosphine which is smaller than PCy; and less donating than all com-

mon tri-tert and sec-alkyl phosphines. Together, the three homoleptic
tri-tert-alkylphosphines PBcps, P‘Bus and PAd; span a range of TEP
from 2061 to 2052 cm™, encompassing nearly the entire electronic
range available to trialkyl phosphines (Figure 9). The reduced size of
PBcp;s relative to P'Bus is exemplified in the synthesis of a Crabtree’s
catalyst derivative. Palladium complexes derived of PBcps are excellent
catalysts across a range of cross-coupling reactions of sp? electrophiles,
which may stem from the reactivity of the isolable bis-ligated palladi-
um(0) complex Pd(PBcps): (§) towards 1° alkyl halides and its appar-
ent stability with respect to formation of Pd(PBcps)s. PBcps can be
prepared in a straightforward manner by radical alkylation of PH; with
[1.1.1]propellane. A similar approach has been used to prepare
PBcp:Ph from the corresponding primary phosphine. We anticipate
the ease with which the bicyclo[1.1.1]pentyl group can be incorpo-
rated in organophosphorus chemistry will lead to myriad applications
in coordination chemistry and homogeneous catalysis. Our ongoing
and future studies aim to further develop the chemistry and applica-
tions of PBcps and bis(bicyclopentyl)phosphine derivatives including
in palladium-catalyzed cross-coupling reactions.
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