UC Berkeley
UC Berkeley Previously Published Works

Title
Panoply of P: An Array of Rhenium—Phosphorus Complexes Generated from a Transition
Metal Anion

Permalink
https://escholarship.org/uc/item/74c521rH

Journal
Inorganic Chemistry, 63(24)

ISSN
0020-1669

Authors

Hales, David P
Rajeshkumar, Thayalan
Shiau, Angela A

Publication Date
2024-06-17

DOI
10.1021/acs.inorgchem.4c01085

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NoDerivatives License, available at https://creativecommons.org/licenses/by-nd/4.0

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/74c521rh
https://escholarship.org/uc/item/74c521rh#author
https://creativecommons.org/licenses/by-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Panoply of P: An Array of Rhenium-Phosphorus Complexes Generated

from a Transition Metal Anion

David P. Hales,t Thayalan Rajeshkumar,$ Angela A. Shiau,* Guodong Rao,* Erik T. Ouellette,t Robert
G. Bergman,T R. David Britt,# Laurent Maron,$ John Arnoldt*

tDepartment of Chemistry, University of California, Berkeley, California 94720, United States

$Department of Chemistry, University of California, Davis, California 95616, United States
§LPCNO, Université de Toulouse, INSA Toulouse, 135 Avenue de Rangueil, Toulouse 31077, France

ABSTRACT: We expand upon the synthetic utility of anionic rhenium complex
Na[(BDI)ReCp] (1, BDI = N,N"-bis(2,6-diisopropylphenyl)-3,5-dimethyl-g-
diketiminate) to generate several rhenium-phosphorus complexes. Complex 1
reacts in a metathetical manner with chlorophosphines Ph2PCl, MNHP-CI, and
OHP-CI to generate XL-type phosphido complexes 2, 3, and 4, respectively
(MeNHP-CI = 2-chloro-1,3-dimethyl-1,3,2-diazaphospholidine; OHP-CI = 2-
chloro-1,3,2-dioxaphospholane). Crystallographic and computational investiga-
tions of phosphido triad 2, 3, and 4 reveal that increasing the electronegativity
of the phosphorus substituent (C<N<O) results in a shortening and strengthen-
ing of the rhenium-phosphorus bond. Complex 1 reacts with iminophosphane
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Mes*NPCl (Mes* = 2,4,6-tri-tert-butylphenyl) to generate linear iminophosphanyl complex 5. In the presence of a suitable
halide abstraction reagent, 1 reacts with the dichlorophosphine Pr2NPClz to afford cationic phosphinidene complex 6*.
Complex 6* may be reduced by one electron to form 6°, a rare example of a stable, paramagnetic phosphinidene complex.
Spectroscopic and structural investigations, as well as computational analyses, are employed to elucidate the influence of
the phosphorus substituent on the nature of the rhenium-phosphorus bond in 2 through 6. Furthermore, we examine sev-
eral common analogies employed to understand metal phosphido, phosphinidene, and iminophosphanyl complexes.

INTRODUCTION

Complexes with metal-phosphorus (M-P) bonds are a
cornerstone of organometallic chemistry, in large part due
to the ability of phosphorus to form strong, covalent o-
bonds with most metals. The ubiquitous phosphine (PRs)
serves as a class of ligands for many of the most historical-
ly important and industrially relevant organometallic
complexes.!-* In addition to forming strong, covalent M-P
o-bonds, phosphines are also sterically and electronically
tunable, making them ideal spectator ligands for organo-
metallic catalysts.>® Metal phosphido (M-PRz) and phos-
phinidene (M=PR) complexes are also synthetically useful
species, albeit for different reasons than M-PRs complexes.
While reactivity in M-PR3 complexes typically takes place
at the metal center, reactivity in M-PRa (n = 1, 2) complex-
es often directly involves the phosphorus center(s).%-11
This makes the substituent at phosphorus, R, an even more
important factor for modulating reactivity in M-PR, com-
plexes. In general, electronegative R render a M-PRn com-
plex electrophilic at phosphorus, while electropositive R
render the M-PRn complex nucleophilic at phosphorus.'2-14

Based on the phosphorus R substituent(s), as well as the
identity of the metal and its ligand set, M-PRa complexes
are often conceptualized as lying on the continuum be-

tween two ionic extremes. On one side of the extreme, a
M-PRn complex can be considered to arise from the com-
bination of a negatively charged {PRa} fragment (i.e. R2P-
or RP%") with a high valent {M} fragment. On the other (less
common) side of the extreme, a M-PRa complex can be
considered to arise from the combination of a neutral or
even positively charged {PR.} fragment (i.e. R2P* or RP?)
with a low valent {M} fragment. These ionic extremes are a
useful paradigm that assists with electron counting and
quickly (albeit crudely) conveys the electronic structure of
the M-P bond. It should be noted that the fundamental
bonding interactions between the {M} and {PRx} fragments
are independent of which depiction is ultimately chosen.
The depiction chosen for a given M-PR, complex also need
not mirror the method by which the complex is synthe-
sized. To maintain consistency with the literature and min-
imize confusion we will default to the anionic formalism
and nomenclature for M-PRz, M-PNR, and M=PR complex-
es, but will strive to point out where this conception may
be inadequate.

Surprisingly, there are very few examples of metal frag-
ments for which several M-PR» complexes have been char-
acterized, such that the influence of the R substituent
might be systematically unraveled. One of the few frag-
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ments for which several M-PRn complexes have been syn-
thesized is the classic iron system, (CO)z2FeCpt (Figure 1,
Cpt= Cp or Cp*; Cp* = 1,2,3,4,5-
pentamethylcyclopentadienyl). Iron-phosphorus complex-
es of the type (CO):2Fe(PRn)Cp' are primarily accessed via
salt metathesis with the iron metalate Na[(CO)zFeCpt], and
include iron-phosphido (Fe-PR2),'>-28 phosphinidene
(Fe=PR),2%30 iminophosphanyl (Fe-PNR),3! diphosphenyl
(Fe-PPR),3233 and phosphaalkenyl (Fe-PCR2)!734-37 com-
plexes. The Fe-P bonds in these complexes have minimal
m-character, a consequence of the filled a” orbital in the d¢
[(CO)zFeCpt]* fragment (Figure 1).38 Correspondingly,
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Figure 1. Qualitative frontier molecular orbital diagrams of the
L2MCp fragment.

(CO)2Fe(PRn)Cp' type complexes are characterized by Fe-P
single bonds and bent Fe-PR. geometries. The analogous
d* molybdenum fragment [(CO)2MoCp']*, however, has an
empty a” orbital, which profoundly affects the nature of
the Mo-P bond in (CO)2Mo(PRa)Cp' type complexes. In
contrast with the iron case, these complexes feature short
Mo-P double bonds and planar/linear Mo-PRx geometries.
To our surprise, while several Mo-PR23%-5%+ and Mo-
PCR2375556 complexes of this type have been reported no
Mo-PNR or Mo=PR complexes are yet known for the

[(CO)2MoCpt]* fragment. On the whole, L:M(PRx)Cpt type
complexes with a d° d? or d* configuration are rare.5”->8
We hypothesized that a bulky L:MCp fragment with a low
d» configuration could serve as an excellent platform for
the formation, stabilization, and comparison of M-PRa
complexes with strong M-P multiple bonding.

We recently reported the synthesis and reactivity of a
rhenium metalate (1, Na[(BDI)ReCp]) capable of stabiliz-
ing many unusual bonding motifs.5-68 The most common
mode of reactivity for metalate 1 is salt metathesis, where-
by 1 acts a source of the [(BDI)ReCp]* fragment. Like
[(CO)2MoCp']*, [(BDI)ReCp]* is a d* L.MCp-type fragment,
capable of forming strong m-interactions with ligand frag-
ments of appropriate orbital symmetry. Unlike the molyb-
denum fragment, however, this rhenium fragment pos-
sesses a f-diketiminate ligand with considerable steric
bulk, which serves to protect its complexes from deleteri-
ous reactivity. For these reasons, we anticipated that the
(BDI)ReCp platform would serve as an excellent frame-
work for the comparison of multiply-bonded M-PR, (n =
1,2) complexes (Figure 2).

Literature L,M(PR,,)Cp’ Complexes This work
FR,, /PR,, Ar /PRn
OCipe OCri o =Ni.pa
oc™ ﬁ oc™ >—N” \@
Ar
Fe(ll), d® Mo(ll), d* Re(lll), d*

(CO),Fe(PR,)CpT (CO),Mo(PR,)Cp!  (BDI)Re(PR,)Cp

¥ Fe-PR2 & Mo—PR2 & Re-PR2
M Fe=PR B Mo=PR & Re=PR
¥ Fe-PNR B9 Mo—PNR & Re-PNR

o= CH or CMe; n=1,2; Ar=2,6-diisopropylphenyl

Figure 2. Comparison of L2M(PRn)Cpt type complexes.

RESULTS AND DISCUSSION

Synthesis and Characterization of Rhenium Phos-
phido Complexes. We treated metalate 1 with several
chlorophosphines in an equimolar ratio with the intention
of forming Re-P bonds via salt metathesis reactions. Low
temperature combinations of 1 with phosphorus trichlo-
ride (PCl3) or dichlorophosphines (PRClz) unfortunately
led only to the isolation of the previously reported com-
plexes (BDI)ReCp and (BDI)Re(CI)Cp.>®¢¢ We turned to
monochlorophosphines (PRzCl) to increase the likelihood
of a straightforward metathesis reaction. The reaction of 1
with chlorophosphines PPhCl,MeNHP-Cl, and OHP-Cl were
more productive, giving high yields of terminal phosphido
complexes 2, 3, and 4, respectively (Scheme 1).

In the NMR spectra for 2-4, the 'H signals for the ancil-
lary ligands fall in the expected ranges for diamagnetic
complexes and the 3!P signals fall in the expected range for
planar phosphido complexes (Figures S1-59).6° In 'H NMR
spectra of 4 the OHP methylene protons are equivalent,
indicating rapid interconversion of these protons at room
temperature, presumably via rotation around the Re-P
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Scheme 1. Synthesis of Phosphido Complexes 2, 3, and 4.
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>N Et,0,-78 °C, 1h >—NT ﬁ " w
Ar Na 2 " NaCl Ar Yield 63% 88% 59%
1 2-4 3P, 5 +132.0 +177.7 +232.0
bond. The M*NHP methylene protons in complex 3, on the - P
other hand, are inequivalent in room temperature 'H NMR ( & o o e« ° A
spectra. Space-filling models of complex 3 reveal that ste- . ] i o2
ric repulsion between the BDI isopropyl groups and the CIN ':1 (S Pl/%l
MeNHP methyl groups likely restricts rotation around the AN <
Re-P bond in 3 (Figure S27). In complex 2 the overlap in €0y N2 | LRel o
H signals of the phosphido phenyl groups and BDI aryl L ‘le] "‘\7; AR ,5,f¥e ™
groups makes it difficult to draw such conclusions from o g
NMR, but the space-filling model suggests that rotation i 7/ i
around the Re-P bond in 2 is sterically prohibited. The \
trend in the chemical shift of 3'P signals in 2-4 (+132.0, \
+177.7, and +232.0 ppm, respectively) is consistent with P o?®
the deshielding of the phosphorus nucleus by increasingly o N3, Na N3 \’N:
electronegative phosphorus substituents.”’ The 3!P reso- P14 s
nance of 3 is considerably upfield of the 3!P resonance in K ¥ | P1
(CO)2Mo(MeNHP)Cp (+271 ppm), even though both are d* | /
L2MCp type systems.”* This may be justified by comparing §oe N'Z\_ \'g" 4/‘ =@
the relative basicities of the Lz set in these complexes. Y s f\"\o
While the BDI ligand in 3 is highly donating, the carbonyl N 4
ligands in the molybdenum case are strongly m-acidic. Cor- / 4
respondingly, the molybdenum center is less electron rich \ {
and the M-P bond is more polarized towards the metal in
the molybdenum complex, deshielding the phosphorus o -
nucleus. |
Complexes 2-4 lyzed by single crystal X-ray dif- 01'\51’02 NV ahe
omplexes were analyzed by single crystal X-ray di
fraction (XRD) to confirm structural assignments and de- N ™~ h <
termine relevant bond metrics (Figure 3). In phosphido &9 N2 \|Rel 9 &
complexes 2, 3, and 4, the Re-P distances are 2.2125(5), Nl‘y W e )\ g

2.1607(8), and 2.144(2) A and the sums of angles around
phosphorus (24P) are 358.08(13), 358.61(16), and
355.8(6)°, respectively (Table 1). The short Re-P bond
Table 1. Crystallographically Determined Bond
Lengths for 2-4 (above) and Pyykké Covalent Radii
(below).

Complex Re-P(A) P-C(4) P-N (A) P-0 ()

or B.O.

2 2.2125(5) 1.831(2) - -

1.836(2)
3 2.1607(8) - 1.684(2) -
1.697(2)

4 2.144(2) - - 1.637(9)
1.638(7)

Single 2.42 1.84 1.82 1.74

Double  2.21 1.69 1.62 1.59

Triple 2.04 1.54 1.48 1.47

/

N

<V
d |

Figure 3. X-ray crystal structures of 2 (top), 3 (middle), and 4
(bottom). The structures are shown in two perspectives and
visualized with 50% probability ellipsoids. The BDI aryl
groups are shown in wireframe, and hydrogen atoms are
omitted for clarity. See Figures S21-S23 for relevant geometric
parameters.

lengths and planar geometries at phosphorus clearly indi-
cate XL-type bonding and double bond character for the
Re-P bond.”? The additive covalent radii set forward by
Pyykko are offered as a point of comparison in Table 1.73
The Re-P bond length in 2 is in excellent agreement with
the sum of covalent radii (Zrcv) for a Re-P double bond
(2.21 A). The Re-P bond lengths in 3 and 4 are even short-
er than this, implicating a more complex electronic interac-
tion between Re and P. Notably, while the P-C bond
lengths in 2 are very close (4 < 0.01 A) to Zrcov(P-C), the P-
N and P-0 bonds in 3 and 4 are roughly 0.1 A shorter than

3



their respective Zrev(P-R), suggesting a considerable P-R
m-interaction in these cases.

We observe a clear trend in the Re-P bond lengths of 2-
4, with bond length decreasing as the electronegativity of
the phosphorus substituent increases. A possible explana-
tion for this phenomenon invokes the negative inductive
effect of the R substituents. Increasingly electronegative R
substituents withdraw electron density from P, decreasing
the radial extent of P s and p orbitals involved in bonding
with Re. Conversely, we note that this trend in Re-P bond
lengths may be explained by the decrease in the steric pro-
files of the phosphido moieties. The diphenylphosphido
fragment in 2 is larger than the N-heterocyclic phosphido
fragment 3, which is itself larger than the O-heterocyclic
phosphido fragment in 4.

Phosphido ligands tend to bridge two metal centers
when such a configuration is sterically accessible. This is
especially true of O-substituted phosphido ligands, P(OR)2"
, which tend to be much less sterically inhibited than N- or
C-substituted phosphido ligands. While there are many
examples of bridging P(OR)z ligands,’#-83 there are only
two other crystallographically characterized transition
metal complexes with a P(OR)2" ligand bonding in a termi-
nal fashion.*884 In 2-4, the bulky pS-diketiminate ligand
plays an important role in preventing dimerization, partic-
ularly for complex 4 which contains a rather small 0-
heterocyclic phosphido ligand.

Bonding Analysis of Phosphido Complexes 2-4. To
provide further insight into the electronics of the M-P
bond in 2-4 we turned to density functional theory (DFT)
calculations, performing structural optimizations and fre-
quency calculations using the B3PW91 functional. (Compu-
tational details may be found in the ESI on page S50.)
While simulations of 2 and 3 match the crystallographical-
ly determined geometries well, O-heterocyclic phosphido
complex 4 did not converge to a planar phosphido geome-
try, as expected (Tables S6-S10). Instead, 4 converges to a
bent geometry with a longer Re-P bond length of 2.30 A
and a lower 24P of 326.5°. Including intramolecular dis-
persion corrections alone did not rectify the discrepancy in
geometry. After adding geometry constraints to the P-O
distances and P-O-C-H dihedral angles (to mimic the in-
termolecular C-H~Cp dispersion interactions present in
the crystal structure), however, 4 converges to a planar
geometry with structural metrics that match the crystallo-
graphically determined geometry well. The energetic dif-
ference between the unconstrained and constrained simu-
lations of 4 is slight, at only 4.5 kcal/mol. In what follows,
computational results reported for 4 refer to the con-
strained version. To attempt to control for steric differ-
ences across 2-4, we also computationally modeled 2’ and
3’, where 2" and 3’ contain 5- membered carbon and nitro-
gen (hetero)cyclic phosphido fragments (PCsHs and "NHP,
respectively) with comparable steric bulk to 4. Ultimately
the optimized geometries and orbital compositions for 2’
and 3’ did not deviate significantly from 2 and 3, leading
us to more confidently ascribe the differences between 2,
3, and 4 to the change in phosphorus substituent, and not
to steric differences.

A Natural Bond Order (NBO) analysis of 2-4 identifies
two Re-P bonds for all three complexes, which is corrobo-

rated by Re-P Wiberg Bond Indices (WBIs) greater than 1
(Table 2). The first bond is o-type interaction between a Re

Table 2. Selected Computational Data on the Re-P o-
and n-Bonding in Complexes 2, 3, and 4.

Natural Bonding Orbital Contributions

Complex Re-P o Re-P 1

2 | Re(341%) P (659%) | Re(463%) P (53.7%)
PR2= | 5-194%  s-51.2% |s-01%  s-0.1%
PPhe I 2% p-487% | p-01%  p-998%

d-80.4% d-99.8%

3 Re (30.8%) P (69.2%) | Re (62.8%) P (37.2%)
PR2= | 5-21.6% 5-61.4% 5-0.1% 5-0.2%
MNHP 2% p-385% | p-01%  p-993%

d-782% d-99.8%

4 Re (32.3%) P (67.7%) | Re(612%) P (38.9%)
PRz= | 5-2044% s-7564% | s-0.03%  s-0.1%
OHP = 013%  p-2426% | p-010%  p-99.4%

d-79.43% d-99.88%

s/d hybrid orbital and a P s/p. hybrid orbital and the sec-
ond is a m-type interaction between a Re d orbital and a P
px orbital. Interestingly, altering the electronegativity of
the phosphorus substituent simultaneously changes the
hybridization of the M-P o-bond and the polarization of the
M-P m-bond. In all five modeled phosphido complexes, the
Re-P o-bonds are comparably polarized towards P (66-
70% P contribution). On the other hand, the m-bond, while
approximately covalent in 2 (53.71% P contribution), is
polarized towards Re in 3 and 4 (37.24% and 38.77% P
contribution, respectively). Consistent with the small R-P-
R angles in these complexes, the s character of the phos-
phorus contribution to the Re-P o-bond is greater than
50% in all three complexes. This is significantly higher
than the 33.3% s character that might be naively expected
for a sp? hybridization at phosphorus. Notably, as the
phosphorus substituent changes from C to N to O, the P
component of the o-bond increases in s character, from
51.22% in 2 to 61.44% in 3 to 75.64% in 4. As the s char-
acter of the P

orbital increases, the radial extent of this orbital decreases,
in part explaining the decrease in bond length from 2 to 3
to 4.

Phosphido complexes 2-4 may be conceptually formed
from the combination of the metal fragment (BDI)ReCp
and the phosphido fragment PRz. By treating (BDI)ReCp as
a LaMCp type system, three Re-P interactions of varying
strength are revealed (Figure 4, cf. Figure 1).38 The strong-
est of the three is a Re-P o-interaction, arising from the
interaction of the P s/p. hybrid orbital with the 3a’ orbital
of the (BDI)ReCp fragment. The second, comparatively
weaker interaction is of m-symmetry and arises from the
interaction of the P px orbitals with the a«’ orbital of the
(BDI)ReCp fragment. The final (and much weaker) interac-
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tion to consider is also of m-symmetry. This interaction
involves the P-R o*-antibonding orbitals and the filled a’
Re-P o-bond Re-P m-bond

R R R R

P slp, \@/ P px

+ +
Re 3a' Re a"

Re—P m-donation z

R R P s/py/p,

% (P-R a.b.)
+
% o

Figure 4. 0- and m-bonding interactions between rhenium and
phosphorus in a (BDI)Re(PRz2)Cp type complex.

orbital of the (BDI)ReCp fragment. Importantly, in the
L2MCp system the a’ orbital is considerably less effective
at m-bonding than the a' orbital.3® The difference between
the a«’ and a"” orbitals (along with steric repulsion from the
BDI ligand) explains the observed PRz geometries in 2-4.
We note that the related N-heterocyclic silylene and
germylene complexes (BDI)Re(E[PhC(N‘Bu)2])Cp (E = Si,
Ge) have comparable geometries to phosphido complexes
2-4.%5 While none of these complexes possess a mirror
plane, the deviation from mirror symmetry is slight. All
possess Cp(centroid)-Re-P-R torsion angles less than 20°,
both in crystallo and in silico.

Crucially, the filled a,’ and a. orbitals in the
[(BDI)ReCp]* fragment are non-bonding with respect to the
phosphorus px orbital, permitting the strong Re-P m-
interaction observed in these complexes. The putative do-
nation of the ax" orbital into two P-R o* orbitals deserves
elaboration. The m-accepting ability of phosphines is now
understood to arise from the donation of filled metal d
orbitals into P-R o* orbitals and not from the involvement
of the 3d orbitals at P.85 Conceptually, this donation need
not be limited to PRs ligands and should be present for
other phosphorus ligands with polarized P-R o-bonds such
as N-heterocyclic phosphido complexes. Indeed, for NHP
complex 3 we identified two second order perturbations in
the NBO analysis corresponding with weak m-donation
from the Re a«’ orbital to the P-N ¢* orbitals (9.6/10.3
kcal/mol). While we identified a comparable interaction in
2" and 3’, we could not identify such an interaction in 2
and 4. The absence of this interaction for 2 and 4 is not
surprising given how poorly the Re a’ orbital is set up for
m-bonding3® and how weak this interaction is in 2', 3, and
3'. For 3 and 3’ we also identified more significant second
order perturbations, namely m-interactions arising from
donation of the p-hybridized NHP N lone pairs to the Re-P
m* antibonding orbitals (23.1/21.0 kcal/mol in 3 and
24.9/23.6 kcal/mol in 3'). The R p — Re-P * interaction in
3 and 3’ indicates that there may be some degree of delo-
calization across the Re-P-R 7 system. Equivalent interac-

tions were not identified for 4, even though these com-
plexes are structurally similar. This may be attributed to
the lower electronegativity of N relative to O, permitting
stronger R p = Re-P z* donation. We note that the Rp =
Re-P m* interaction can be considered to be in competition
with the Re d —» P-R o* interaction: the former will shorten
the P-R bond and lengthen the M-P bond, while the later
will lengthen the P-R bond and shorten the M-P bond. The
short P-R distances in 3 and 4 are consistent with the rela-
tive strength of these interactions (~23 vs. ~10 kcal/mol
for R p = Re-P n*and Re d = P-R 0% respectively).

A M-PR: complex may be considered to be a phosphido
complex (arising from the combination of PRz~ and [M]*) or
a phosphenium complex (arising from the combination of
PRz* and [M]-), depending on a number of factors. This
binary classification is reminiscent of the distinction made
between Schrock and Fisher carbenes.!? We have been
unable to demonstrate any productive reactivity of 2-4
with alcohols (O-H being the prototypical polarized bond
for addition across the M-P bond®¢87) that might favor the
description of these complexes as phosphido or
phosphenium complexes. The results of our NBO analysis,
along with Re and P natural charge data (see Table S3),
suggest that 2 is best described as a planar phosphido
complex, while 3 and 4 may be better described as planar
phosphenium complexes.

Synthesis and Characterization of a Rhenium Imino-
phosphanyl Complex. We were interested in synthesizing
a metal iminophosphanyl complex as a point of compari-
son for phosphido complexes 2-4. Pursuing a similar salt
metathesis strategy, we combined metalate 1 with one
equivalent of iminophosphane Mes*NPCI at low tempera-
ture. A rapid color change to dark brown, the evolution of a
colorless precipitate, and the ready dissolution of the
product in pentane suggested to us that salt metathesis
had occurred to yield a neutral product. Spectroscopic and
crystallographic data unambiguously confirm the identity
of the dark brown product as linear iminophosphanyl
complex 5 (Scheme 2).

Scheme 2. Synthesis of Iminophosphanyl Complex 5.

1 eq. Mes*NPCI N
1 —
Et,0,-78 °C, 1 h

/
a P

Nac ;N;Rezg
N

5,76%

'H NMR signals for the ancillary ligands of 5 fall in the
expected regions for a diamagnetic complex and the singlet
at +231.5 ppm in the 3'P NMR spectrum is as expected for a
linear M-PNR geometry. (Bent M-PNR complexes have 3!P
signals that are significantly downfield, circa +700
ppm.[“'88 The o0-‘Bu groups in the Mes* moiety are in-

equivalent by 'H and '3C NMR, indicating restricted rota-
5
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tion around the Re-P bond. Single crystal XRD studies re-
veal a slightly bent iminophosphanyl geometry in 5: the
Re-P-N angle is 161.94(9)° and P-N-C angle is
168.35(19)° (Figure 5). Both the Re-P and P-N distances

<,
o e

® N3

e~

==\

Figure 5. X-ray crystal structure of 5. The BDI aryl groups are
shown in wireframe, hydrogen atoms are omitted for clarity,
and ellipsoids are displayed at 50% probability. The complex
crystallizes with half an equivalent of n-pentane in the outer
sphere, which is omitted for clarity.

are quite short, at 2.1374(8) and 1.499(2) A respectively.
For context, the only structurally characterized terminal
rhenium phosphide complex has a Re-P distance of
2.0939(6) A® only marginally shorter than that of imino-
phosphanyl complex 5. Interestingly, the parent imino-
phosphenium ion [Mes*N=P]*[AlCls]- has a P-N length of
1.475(8) A, again only marginally shorter than the P-N
length in complex 5. The remarkably short bond lengths
prompted us to compare complex 5 with other iminophos-
phanyl complexes so that we might better conceptualize
the electronic and crystallographic structure of this unusu-
al complex.

Only a handful of M-PNR complexes have been reported
in the literature. The synthetic routes to these complexes
are eclectic: they have been synthesized via silylation of a
phosphorus mononitride complex,®® nitrene transfer to
terminal phosphide complexes,?293 Cp* shift of a P-
coordinated RNPCp* complex,88°¢ and salt metatheses of
anionic metal complexes with chloroiminophospanes,

RNPCIL3! Only three M-PNR complexes feature complete
crystallographic characterization: the bent iron complex
(CO)2Fe(PNMes*)Cp*, the related bent ruthenium complex
(IPr)(CO)Ru(PNTs)Cp* and the linear molybdenum com-
plex (N3sN)Mo(PNSiMes) (Figure 6).319293 In the iron and

. SiMe3
I\‘/Ies /
"o b
R
\ N \ R
ocy N' M°\N

o A
Niecke et al., 1989 Smith et al., 2020

Ts

\ Mes*
\ OC" Ru
; Reﬂ
Tilley et al., 2024 This work, 5

Mes* = 2,4,6-tri-tert-butylphenyl, R = SiMe3
Ar = 2,6-diisopropylphenyl, Ts = tosyl

Figure 6. Crystallographically characterized literature imino-
phosphanyl complexes.

Table 3. Selected Structural and Spectroscopic Data for
Iminophosphanyl Complexes Presented Above.

(CO)2Fe(PNMes*)Cp* (N3N)Mo(PNSiMes)

M-P (4) 2.205(5) 2.138(11) A
P-N (&) 1.564(12) 1.514(2)
M-P-N(°)  115.4(5) 177.37(10)
P-N-R(°)  119.8(9)° 161.22(17)
31P (8) +787 +199

(CO)(IPr)Ru(PNTs)Cp*  (BDI)Re(PNMes*)Cp

M-P (4) 2.24399(3) 2.1374(8)
P-N (&) 1.603677(13) 1.499(2)
M-P-N(°)  113.0513(7) 161.94(9)
P-N-R(°)  124.0231(6) 168.35(19)
31p (5) +234* +232

The Pyykkd Zrcov for Fe-P (single/double), Mo-P (dou-
ble/triple), and Ru-P (single/double) are 2.27 A/2.11, 2.23
A/2.07 A, and 2.36 A/2.16 A, respectively. See Table 1 for Re-
P and P-N Zrcov. *This 31P shift is anomalously shielded for a
bent M-PNR complex. This is not commented on in ref. 93.

ruthenium complexes, the M-P distances are between
their respective single and double bond Zrcov, and the P-N
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distances are consistent with short P-N double bonds (Ta-
ble 3). The Mo-P and P-N distances in the linear molyb-
denum complex are quite remarkable; the Mo-P distance
lies between the Mo=P and Mo=P Zrwy and the short P-N
distance is closer to the P=N Xrcv than the P=N Zrcov. As
with the molybdenum complex, the Re-P distance of A in 5
lies between the Re=P and Re=P 2rcv and the P-N distance
is close to the P=N Zrcv. Clearly, 5 more closely resembles
the linear molybdenum complex than the bent iron and
ruthenium complexes, though there is a noteworthy differ-
ence between 5 and (N3N)Mo(PNSiMes). Even though the
iminophosphanyl moiety in (NsN)Mo(PNSiMes) is closer to
linearity than in 5, the P-N distance in the molybdenum
complex is somewhat longer than in 5. We cautiously as-
cribe the discrepancy in the P-N distances between these
two complexes to the superior m-backbonding ability of
molybdenum fragment. While in [(BDI)ReCp]- the a” or-
bital is better suited for m-donation than the ax’ orbital, the
two orbitals capable of m-bonding in [(NsN)Mo]- are neces-
sarily degenerate.

Bonding Analysis of Complex 5 and its First Row An-
alogues. Like their nitrosyl analogues, iminophosphanyl
complexes feature nuanced metal-ligand bonding interac-
tions. Borrowing a common convention from metal nitro-
syl chemistry, complex 5 can be represented in Enemark-
Feltman notation as a {RePNR}¢ complex.?> This suggests
that the linear Re-P-N geometry in 5 is electronically fa-
vored (and not merely a consequence of steric effects). To
better understand the bonding along the Re-P-N axis in 5
we turned to computational methods, performing struc-
tural optimizations and frequency calculations on complex
5 using DFT. Given the novelty of iminophosphanyl com-
plex 5, we decided to compare 5 with its first-row nitrosyl,
diazenido, and siloxycarbyne analogues so that we might
better contextualize our computational results. While the
nitrosyl complex analogous to 5 (i.e. (BDI)Re(NO)Cp, 5-
NO) has not been reported, we previously synthesized and
characterized the related diazenido and siloxycarbyne
complexes, (BDI)Re(NNSiMes)Cp (5-NNSiMes) and
(BDI)Re(COSiMes) (5-COSiMes).%2 A detailed crystallo-
graphic and computational comparison of 5, 5-NNSiMes,
5-COSiMes, and 5-NO may be found in the Supporting In-
formation (See pages S41-43), but the principle findings
are summarized below. The Re-X1-X2 geometries of these
four complexes are similar to each other, both in crystallo
and in silico. The P-N bond in 5 is significantly more polar-
ized (towards N) than the analogous X1-X2 bonds in 5-
NNSiMes, 5-COSiMes, and 5-NO. While 5-NNSiMes and 5-
NO are a good analogy for 5 in terms of the relative
strengths of m-bonding between Re-X1 and X1-X2, 5-
COSiMes is a (slightly) better analogy for 5 in terms of
bond polarization. For complex 5 the pseudolinear geome-
try and natural charge data (Re: +0.11, P: +1.05, and N: -
0.97, Table S3), lead us to conclude that 5 has considerable
iminophosphenium character. We note that the Re-P WBI
and natural charges for iminophosphanyl complex 5 (WBI:
1.36, Re: +0.11, P: +1.05) are remarkably similar to those
of N-heterocyclic phosphido complex 3 (WBI: 1.36, Re:
+0.16, P: +1.33). Therefore, we believe that these species
should be described in a similar manner, that is, if 3 is con-
sidered an N-heterocyclic phosphenium complex then 5

should likewise be considered an iminophosphenium
complex.

Synthesis and Characterization of a Rhenium Phos-
phinidene Complex. To expand on the comparisons
drawn between 2, 3, 4, and 5 we sought to synthesize a
phosphinidene complex from metalate 1. We were particu-
larly interested in this pursuit, as there is only one example
of a metal fragment for which the iminophosphanyl and
phosphinidene complexes have both been isolated, namely
the iron fragment (CO)zFeCp*. In 1984 Gladysz et al. re-
ported spectroscopic evidence for
[(CO)2Fe(PNPr2)Cp*][AICl4] at low temperature, but were
unable to isolate this product, hypothesizing that it was
thermally unstable.?? In 1989 Niecke et al. reported the
iminophosphanyl complex (CO)2Fe(PNMes*)Cp* and char-
acterized it by X-ray diffraction.3! Later, in 2003, Carty et
al. demonstrated that Gladysz’s iron phosphinidene com-
plex was indeed stable at room temperature under rigor-
ous exclusion of water and characterized it by X-ray dif-
fraction.3® We anticipated that a cationic phosphinidene
complex [(BDI)Re(PR)Cp]* would feature a strong Re-P
double bond, offering an interesting complement to
[(CO)zFe(PNPr2)Cp*]*, which has minimal Fe-P m-bonding.

As a potential route to this class of complex, we reinves-
tigated the reaction of 1 with dichlorophosphines (PRClz),
which  previously yielded the chloride complex
(BDD)Re(C)Cp as the major product. One conceivable
pathway to (BDI)Re(Cl)Cp in these reactions is through a
chlorophosphido intermediate, (BDI)Re(PRCI)Cp, which
subsequently collapses to (BDI)Re(CI)Cp and phos-
phinidene, PR. We note that the isolobal chlorophosphido
complexes, (CO)2Mo(PRCI)Cp, are stable and have been
crystallographically — authenticated (R = 2,2,6,6-
tetramethylpiperidine5? or Mes*¢). We performed a low
temperature addition of 1 to one equivalent of PCI2N‘Prz in
the presence of one equivalent of a halide abstraction rea-
gent (AICls, GaCls, NaBPhs, LiTFSI, TFSI- = [N(CF3S02)2]")
with the intention of intercepting the putative chlorophos-
phido complex (BDI)Re(PCIN’Pr2)Cp. Soon after addition,
the reaction mixture turned a dark brown, in contrast to
the red coloration previously observed in corresponding
reactions without a halide abstraction reagent. Workup of
the dark brown reaction mixture provided moderate yields
of dark green crystals that were identified as cationic ter-
minal phosphinidene complex [(BDI)Re(PNPrz)Cp][X] (6-
X) (X = AlCls7, GaCls~, BPh4-, TFSI-, Scheme 3). Complexes 6-
X display characteristic downfield 3!P resonances around
+712 ppm with minor variations (<10 ppm) depending on
the counterion, temperature, and solvent (Figure S15). No
new products could be isolated from analogous reactions
with PCL.Ph, hinting that the amido substituent at phos-
phorus may serve to stabilize the product and/or a reac-
tive intermediate.

The 'H NMR spectrum of 6-BPha in CD2Clz collected at
ambient temperature shows one doublet integrating to
12H and one septet integrating to 2H associated with the
phosphinidene isopropyl methyl and methine groups, re-
spectively. We performed variable temperature (VT) NMR
studies on 6-BPhs to see if the signals for the phos-
phinidene isopropyl groups could be resolved at low tem-
perature. Indeed, upon cooling from 298 K to 223 K the
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isopropyl methyl peak transitions from one doublet to two
doublets and the isopropyl methine peak transitions from
one broad singlet to two broad singlets (Figures S18 and
$19). Using the coalescence temperatures for these transi-
tions we determined the free energy barrier to rotation
around the P-N bond in 6-BPhs to be 12.1(5) and 11.8(5)
kcal/mol at 248 and 260 K, respectively. (See ESI $26-S27

Scheme 3. Synthesis of Phosphinidene Complex 6-X.

1 eq. P(NPPr,)Cly, 1 eq. ECly

>  6-ECl,
e Et,0,-78°C, 2h E = Al 33%
-NaCl E = Ga, 48%

1eq. P(NiPrz)CIZ, 1 eq. NaBPh,

1 > 6-BPh,

THF, -78°C, 1 h 48%
-2 NaCl

K 1 eq. P(N'Pr,)Cly, 1 eq. LiTFSI

> 6-TFSI
Et,0,-78 °C, 1 h 44%
-NaCl, -LiCl

\( 31P: +711.5 ppm

(6-AICl,, CDCl3)

X" =AlCl", GaCl,",
X TFSI-, BPhy~

6-X

for relevant calculations.) A recently reported ruthenium
dimethylaminophosphinidene complex is, to our
knowledge, the only other aminophosphinidene complex
with rapid rotation around the P-N bond at room tempera-
ture.”” The observation of a single methyl peak at room
temperature sets a rough upper limit of 13 kcal/mol for
the barrier of rotation around the P-N bond in this com-
plex. Besides these two complexes, all terminal amino-
phosphinidene complexes in the literature feature restrict-
ed rotation around the P-N bond at room
temperature.3098-102 This establishes a barrier of rotation
around the P-N bond of >15 kcal/mol in these complexes,
substantially higher than 12 kcal/mol barrier for 6-BPha.
The molybdenum aminophosphinidene complex
[Cp*Mo(PNPr2)(C0O)s][AICl4], for example, maintains two
distinct ‘Pr methyl and methine resonances up to 60 °C,%8
setting a lower limit of approximately 17 kcal/mol for the
barrier to P-N rotation in this complex.

Crystallographic studies of 6-TFSI undertaken at 100 K
reveal short Re-P and P-N distances of 2.2056(10) and
1.641(3) A, respectively (Figure 7). The phosphinidene
amido unit is planar, with a 24N of 360.0°. Furthermore,
the low Re-P-N-C torsion angle of 7.5(4)° implies some
degree of conjugation between the Re-P and P-N m-
interactions. A survey of the literature reveals that 6-TFSI
possesses a substantially shorter M-P distance than relat-

ed aminophosphinidene complexes. An illustrative exam-
ple is [(CO)sRe(PNPrz)]AICls, which has a Re-P distance of
2.446(3) A.193 The Re-P distance in 6-TFSI is more than 0.2
A shorter at 2.2056(10) A. Clearly, replacing m-accepting
ligands with strongly o-donating ligands results in a de-
crease in the M-P bond length and an increase in the P-N
bond length. The comparison, however, between 6-TFSI

&’ 9
N3 o

P1 /
\/
/
N2 /\ | Re1

N1

U

Figure 7. X-ray crystal structure of 6-TFSI. The BDI aryl
groups are shown in wireframe, hydrogen atoms are omitted
for clarity, and ellipsoids are displayed at 50% probability.
The complex crystallizes with two and a half equivalents of
THF and a TFSI counterion in the outer sphere, which are
omitted for clarity.

and [(CO)sRe(PN'Pr2)]AlCls is not perfect due to the dif-
ference in oxidation states between the two compounds
(5+ vs. 34). In 2007 Carty and coworkers published an
elegant study of terminal molybdenum aminophos-
phinidene complexes with varying ancillary ligands (Fig-
ure 8).10% Therein, Carty et al. demonstrate that the se-
quential replacement of m-accepting carbon monoxide lig-
ands from [Cp*Mo(PNPr2)(C0O)s]JAICls with strongly o-
donating phosphine ligands decreases the M-P bond length
and slightly increases the P-N bond distance. In their work,
Carty et al. justify this trend by arguing that the replace-
ment of CO ligands with phosphines increases the electron
density at the metal center, thus increasing “metal to
phosphinidene n-back-donation” and shortening the phos-
phinidene M-P distance. Correspondingly, Carty continues,
the increase in M—P m-back-donation diminishes N—=P m
donation and lengthens the P-N bond. This competition, so
to speak, between M—P m-donation and N—-P m-donation
in aminophosphinidene complexes has been demonstrated
in a number of computational studies.!3105-109

Bonding Analysis of Phosphinidene Complex 6*. We
employed DFT calculations to further investigate the M-P-
N 7m-interactions in 6*. Optimization of 6* provides a struc-
ture that matches the crystallographically determined ge-
ometry well (Table S15). NBO analysis of 6* identifies two
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interactions between Re and P (Table S3). The first is a
covalent o-interaction (Re: 51.5%, P: 48.5%) and the sec-
ond is a m-interaction polarized towards rhenium (Re:
73.5%, P: 26.5%). The polarization of the m-interaction
towards rhenium is suggestive of a singlet character for
the phosphinidene moiety and is consistent with competi-
tion from the p hybridized lone pair at nitrogen. In

Highly m-acidic e

ancillary ligands P//N S
Weak M—P 17 oc; ;R‘e .CO Re-P:2.446(3) A
Strong P-N 17 oC” | ~co P-N:1.634(6) A
o]
0o
2 | @Z Mo-P: 2.4506(4) A
oc)'%-co  P-N: 1.637(1) A
oc P Mo-P-N: 118.79(5)°
\(NW/
@*@ Mo-P: 2.3816(4) A
Etsp/}\"g\\co P-N: 1.6367(13) A
oc p Mo-P-N: 121.49(5)°
\
YNY
ﬁ@z Mo-P: 2.3567(5) A
~p-Mo=co  P-N:1.6512(15) A
e e Mo-PN: 125.79(5)°
[
YNY
No =m-acidic \(

N
ancillary ligands Ar //P/ \(Re-P: 2.2056(10) A

/ P-N: 1.641(3) A

;w;m@
Strong M—-P N ﬂ Re-P-N: 137.87(13)°

Weak P-N 11 Ar

Figure 8. Structural comparison of phosphinidene complex 6-
TFSI with related molybdenum and rhenium phosphinidene
complexes [Re(PNiPrz)(C0)s]*103 [Mo(PNiPrz)(C0O)3Cp*]+,8
[Mo(PNPrz)(CO)2(PEts)Cp*]+,1%4 and [Mo(PNiPr2)(CO)(k2-
dmpe)Cp*]*.104

addition to a 2-electron P-N o-interaction polarized to-
wards nitrogen (P: 22.6%, N: 77.4%) we identify a 3-
center, 4-electron hyperbond between the nitrogen lone-
pair and the Re-P m-bond (Table S4). This conjugation of
Re-P and P-N m-interactions is consistent with the copla-
nar geometry of the phosphinidene fragment we observe
in the XRD-determined and DFT-simulated structures of
6*. Analysis of WBIs supports the VT-NMR results indicat-
ing that the Re-P m-interaction is stronger than the P-N 7-
interaction. The WBI of the Re-P bond is 1.39 (comparable
to phosphido complexes 2, 3, and 4), while the WBI of the

P-N bond is 1.00. (For context, this is higher than the WBI
of 0.76 for the P-N bond in 3, but lower than the WBI of
1.36 the P-N bond in 5.) Notably, while the P contribution
to the Re-P o-bond in 2, 3, and 4 has a much higher s char-
acter than might be expected for a sp? hybridization, the P
contribution to the Re-P o-bond in 6* has a much higher p
character than might be expected for a sp? hybridization.
In the Re-P o-bond of 6* the P contribution is 10.8% s
character and 88.7% p character. Correspondingly, the P
lone pair is primarily s character (s: 77.74%, p: 22.2%).

To minimize confusion in this paper, 6* is drawn with a
covalent rhenium-phosphorus double bond (i.e. as a triplet
phosphinidene), but we acknowledge that a o-dative, m-
retrodative Re-P bond (ie. a singlet phosphinidene) is a
valid alternative description of the bonding in complex 6.
For those with interest in how phosphinidene complexes
are drawn, we have written an appendix on the matter
which can be found in the supporting information (544).

Synthesis and Structural Analysis of a Radical Phos-
phinidene Complex. In addition to terminal phos-
phinidene complex 6-X, we were also interested in synthe-
sizing the terminal phosphide complex (BDI)Re(=P)Cp
analogous to the terminal nitride complex (BDI)Re(=N)Cp
previously reported by our group.®! In the previously re-
ported synthesis of (BDI)Re(=N)Cp, paramagnetic
(BDI)ReCp is combined with an excess of RNs, resulting in
homolytic cleavage of the N-R bond and a formal three-
electron oxidation of the metal center. We theorized that
(BDI)Re(=P)Cp might be accessible from 6-X through a
similar process (i.e. homolytic cleavage of the P-N bond).
Anticipating that over-reduction of 6-X would lead back to
anionic complex 1, we turned to the relatively mild one-
electron reductant cobaltocene. The low temperature
combination of dark green 6-X and purple CoCpz in THF
resulted in minimal color change. During workup, howev-
er, the hexane extract readily took on a green-amber color-
ation and orange powdery solids were filtered out, con-
sistent with the reduction of 6-X to a neutral product and
the oxidation of CoCpz to [CoCpz]X. 'H NMR revealed the
green-amber product to be paramagnetic, inconsistent
with an assignment of (BDI)Re(=P)Cp. Crystallographic
efforts unequivocally confirmed the assignment of the dark
green-amber product as the neutral, paramagnetic, termi-
nal phosphinidene complex (BDI)Re(PNPr2)Cp (6°,
Scheme 4). While there are several known examples of
Scheme 4. Synthesis of Phosphinidene Complex 6°.

}>
N
\
Ar P
1 //

P g
Ar

6°, 70%

CoCp,
6-BPhy ————
THF, -78°C, 1h
-[CoCp,]BPhy

bridging paramagnetic phosphinidene species,!10-115
there are, to our knowledge, only two other terminal par-
amagnetic phosphinidene complexes that have been struc-
turally authenticated.!'® These vanadium (IV) species,
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(BDI)VV(CH2'Bu)(=PAr) (Ar = 2,4,6-PrsC¢Hz and 2,4,6-
‘BusCsHz), were noted to decompose over several hours at
room temperature in solution or in the solid state. Com-
plex 6°, on the other hand, can be stored at room tempera-
ture for several months with minimal decomposition, pro-
vided that the sample is kept rigorously air- and water-
free. We note that excess cobaltocene is unable to effect
the cleavage of the P-N bond. Our attempts to reduce 6°
with more powerful reducing agents gave intractable mix-
tures of products.

Crystallographic analysis of 6* reveals a lengthening of
the Re-P and P-N bonds relative to 6-TFSI (to 2.2632(8)
and 1.683(3) A, respectively) as expected with increased
electron-electron repulsion (Figure 9). The Re-P-N-R

Figure 9. X-ray crystal structure of 6°. The BDI aryl groups are
shown in wireframe, hydrogen atoms are omitted for clarity,
and ellipsoids are displayed at 50% probability.

torsion angle and Re-P-N angles are lower in 6° than in 6-
TFSI, at 2.9(3)° and 127.94(9)°, respectively. Perhaps most
remarkably from a structural standpoint, the phos-
phinidene amido substituent in 6° has ‘flipped over’ phos-
phorus relative to 6-TFSI. We cannot confidently ascribe a
cause to this geometric difference.

Characterization of Complex 6° by Electron Para-
magnetic Resonance Spectroscopy. The valence configu-
ration of rhenium in 6° is 5d3, giving two possibilities for
the spin state, S = 1/2 and S = 3/2. The effective magnetic
moment, ey, of 6° is calculated to be 1.64 us by the Evans
method (Figure S20), consistent with a spin state of S =
1/2. (The spin-only magnetic moment, piso, is 1.73 us fora S
=1/2 complex and 3.87 usfor a S = 3/2 complex.) It is un-
common to observe a spin state of S = 1/2 for a complex of
RelV, as octahedral field splitting typically leads to spin
states of S = 3/2 (t2¢?).!117-123 The homoleptic, tetrahedral

aryl complex ReV(0-MeCsH4)4 and several Re!V PNP pincer
complexes serve as rare examples of Re!V complexes with
low spin (S = 1/2) configurations.'?412> Most examples of S
= 1/2 d3 complexes are of Mn!V,126127 FeV,128-132 g1 Molll,133-
136 Two factors must hold true for a d® complex to possess
a S = 1/2 ground state: the coordination geometry must
deviate from octahedral (to break the degeneracy of tz
set) and the d splitting must be large (such that Aa.a > Epair-
ing). We reason that the S = 1/2 spin state of 6° is attributa-
ble to the low symmetry ligand environment which lifts
the degeneracy of the 5d orbitals of rhenium.

To further investigate the electronic properties of 6°, we
measured EPR spectra in the X-, Q-, and D-bands (9.4, 34,
and 130 GHz, respectively). The X-band continuous wave
(CW) EPR spectrum shows a complicated multiline signal
centered about g ~2 featuring both Re (Figure 10A and B,
blue) and 3'P (I = 1/2) hyperfine interactions (Figure 104,
green). Notably, both magnetic isotopes of rhenium ('%5Re,

9.4 GHz

=1 A
g,=1.862
1000 1100 1200 1300 1400 1500
c B, (mT)
9;; 130 GHz
g, 9,
| |
4100 4380 4660 2940 5220
B, (mT)

Figure 10. EPR spectra of complex 6° (black traces) and simu-
lations (red traces) at multiple frequencies. (A) X-band CW
EPR spectrum of 6°. Acquisition parameters: T = 15 K, fre-
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quency = 9.4 GHz, microwave power = 0.2 mW, modulation
amplitude = 0.5 mT. (B) Pseudomodulated Q-band ESE-EPR
spectrum of 6°. Acquisition parameters: T = 10 K, frequency =
34 GHz, /2 pulse = 12 ns, T = 300 ns, modulation amplitude =
1 mT. (C) D-band ESE-EPR spectrum of 6°. Acquisition param-
eters: T = 10 K, frequency = 130 GHz, /2 pulse = 45 ns, 7 =
300 ns. Additional experimental details on page S40. Where
resolvable, Re hyperfine shown in blue and 3P hyperfine
shown in green.

37.4% and '87Re, 62.6%) are [ = 5/2 with very similar nu-
clear gyromagnetic ratios; thus, a six-line pattern is ex-
pected for pattern is expected for the Re hyperfine interac-
tion. The g-anisotropy is readily resolved in the D-band
electron spin-echo detected EPR (ESE-EPR) spectrum
(Figure 10C), while Re hyperfine interactions at each g-
value can be resolved in the pseudomodulated Q-band
ESE-EPR spectrum (Figure 10B, blue). Together, the spec-
tra can be reasonably simulated as an S = 1/2 system with
a g-tensor of [2.185, 1.964, 1.862], A Re = [1025, 764, 670]
MHz, and A 3'P = [160, 226, 195] MHz. The magnitude of
the 31P hyperfine interactions in 6° is much larger than that
of the related complex [(BDI)ReV'Cp(cyclo-P3)]* (aiso = 6
MHz),%! but is comparable to that of the vanadium phos-
phinidene complex (BDI)V'V(CH2‘Bu)(=PAr) (aiso= 40 G, or
~ 112 MHz).11¢ This result is consistent with higher cova-
lency between the metal center and the phosphinidene
moiety than the cyclo-Ps group. Further analysis of the A
31P tensor of 6° via decomposition into isotropic (aiso= 194
MHz) and anisotropic ([-34, 32, 1] MHz) terms reveals a
small spin density on the P 3s orbital of~0.01 using ao =
13306 MHz for one unpaired electron on the P 3s
orbital.!37 Utilizing a spin density of pre ~ 0.64 (DFT) and a
Re-P bond distance of 2.26 A (XRD) a small nonlocal dipo-
lar coupling value of ~1.8 MHz can be estimated which
arises from the through-space electron-nuclear dipole in-
teractions. The remaining local dipolar coupling term es-
timates ~0.08 spin density on the P 3p orbitals. Together,
this analysis estimates a combined (3s + 3p) spin density
of ~ 0.09 on P. The simulated g, A Re, and A 3!P tensors and
the estimated spin density on P are close to predicted val-
ues from DFT (g = [2.22, 2.05, 1.94], A Re = [1485, 1228,
967] MHz, A 31P = [165, 164, 221] MHz, pp = 0.06).

DFT calculations indicate that the spin density in 6° is
largely concentrated in a d orbital at Re (Figure 11). This

@

Figure 11. Spin density plot of 6. The isosurface value is
0.0518.

orbital bears a striking resemblance to the ar’ orbital in the
L2MCp system. The weakening of the Re-P and P- N bonds
(as evidenced in the crystal structure) is corroborated by a
decrease in the WBIs from 6* (Re-P:1.39, P-N: 1.00) to 6°
(Re-P: 1.24, P-N: 0.93). While the Re-P o-bond in 6* is
covalent (Re: 51.5%, P: 48.5%), the Re-P o-bond in 6* is
polarized towards phosphorus (Re: 36.5%, P: 63.5%) (Ta-
ble S3). Correspondingly, the natural charge at phosphorus
decreases from +0.83 in 6* to +0.48 in 6°. Even though the
radical in 6° is centered at the metal, the electron density
in the Re-P o-bond has shifted towards phosphorus such
that the natural charge at rhenium remains almost entirely
unchanged (+0.29 in 6*, +0.29 in 6°).

CONCLUSIONS

By employing a metal fragment capable of forming
strong m-interactions and a bulky ligand set capable of ste-
rically protecting reactive species we were able to isolate
and fully characterize an array of six Re-P multiply bonded
complexes. N- and O-heterocyclic phosphido complexes 3
and 4 possess distinct structural and electronic properties
that distinguish them from diphenylphosphido complex 2,
highlighting the considerable influence of the phosphorus
substituent on the length and polarization of the M-P
bond. Complex 5, featuring exceptionally short Re-P and
P-N bonds, is notable for being the second crystallograph-
ically characterized example of an iminophosphanyl com-
plex binding in the linear “iminophosphenium mode.” Cat-
ionic phosphinidene complex 6* is a rare example of an
aminophosphinidene with a strong M-P m interaction and
a weak P-N interaction, which prompted us to reevaluate
the criteria for the categorization of phosphinidene com-
plexes as ‘nucleophilic’ and ‘electrophilic.” The surprising
stability of radical phosphinidene complex 6° further
demonstrates the remarkable ability of this rhenium sys-
tem to support unusual bonding motifs and stabilize reac-
tive species across the periodic table. The d* [(BDI)ReCp]*
fragment now serves as the second example of a metal
fragment for which phosphido, iminophosphanyl, and
phosphinidene complexes have all been fully character-
ized.
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Synopsis: M-PRn (n=1,2) complexes are useful reagents for the synthesis of organophosphorus compounds. Even so,
few metal fragments exist for which several M-PRn have been synthesized, such that the influence of the phosphorus
substituent might be systematically unraveled. This study reports the synthesis, characterization, and computation
investigation of several Re-PRn complexes derived from a L2MCp-type fragment.
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