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Summary

This dissertation reports on the synthesis and reactivity of the novel cyclotetraphosphane
[CIP(u-PMes*)]». Its synthesis could be accomplished by treating Mes*PH, with PCl3 in the
presence of NEts. The cyclophosphane proved to be a versatile reagent in phosphorus
chemistry, since its Cl-functionalised P4 backbone could be used as a building block in a variety
of reactions with Lewis acids, bases as well as reducing agents. Hence, it was possible to find
access to a novel bicyclic phosphino-phosphonium framework, a tricyclic hexaphosphane, a
dinuclear silver complex as well as new approaches to the selective synthesis of bicyclic
tetraphosphanes. The rearrangement of P—P bonds as well as a 1,2-Cl shift were identified as
common reaction pathways to stabilise the products. All synthesised compounds were fully

characterised, including experimental and theoretical methods.

Zusammenfassung

Die vorliegende Dissertation beschiftigt sich mit der Synthese und Reaktivitit des neuartigen
Cyclotetraphoshans [CIP(u-PMes*)],. Dessen Synthese konnte durch die Umsetzung von
Mes*PH; mit PCl3 in Gegenwart von NEt;3 realisiert werden. Das Cyclophosphan stellte sich
als vielseitiges Reagenz in der Phosphorchemie heraus, da sein Cl-funktionalisiertes Ps-
Riickgrat als Baustein in einer Vielzahl von Reaktionen mit Lewis-Sduren und -Basen sowie
Reduktionsmitteln Anwendung finden konnte. Derart war es moglich, Zugang zu einem
neuartigen bicyclischen Phosphino-Phosphonium-Geriist, tricyclischen Hexaphosphan sowie
dinuklearen Silberkomplex zu finden und neue Methoden zur selektiven Herstellung von
bicyclischen Tetraphosphanen zu entwickeln. Die Umlagerung von P-P-Bindungen sowie eine
1,2-Cl-Umlagerung wurden als typische Reaktionspfade zur Stabilisierung der Produkte
identifiziert. Alle hergestellten Verbindungen wurden vollstindig charakterisiert, sowohl

mittels experimenteller als auch theoretischer Methoden.
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Units of Measurement

The International System of Units (SI) is utilised throughout this work to measure experimental

or theoretical quantities. All derived units and their expression in terms of the SI base units are

given below:

Quantity Unit Name Conversion to Sl base units
Frequency MHz Megahertz 1MHz =1 x 108 s~

Hz Hertz 1Hz=1s"
Length A Angstrém 1A=1%x10"1m
Power mwW Milliwatt 1mW=1x10%kg m? s
Temperature °C Degree Celsius TIK=T/°C-273.15
Volume mL Millilitre 1TmL=1cm3=1x10%m3
Energy kJ Kilojoule 1kd=1x10%3m2kg s
Wavenumber cm™! Reciprocal centimetre 1cm~'=100 m™
Time d Day 1d=8.64 x10*s

h Hour 1h=36x10%s

min Minute 1min=60s

i1






1 Target and Motivation

The objective of this work was to develop a suitable lab scale synthesis for halo-substituted
cyclophosphanes, especially cyclotetraphosphanes of the type [ XP(u-PR)]2 (X = (pseudo)halo-
gen, R = organic substituent; Scheme 1), and investigate their chemistry. The latter can be
regarded as homologues of the well-studied cyclodipnictadiazanes [ XE(u#-NR)]> (E =P, As, Sb,
Bi), thus the similarities and differences in their respective reactivities were of interest, in
particular with respect to abstraction or substitution of the halogen substituents. By this means,

possible application of these ring systems as formal R-PP" synthon was to be evaluated.

Scheme 1. Whereas the chemistry of dihalo-substituted cyclodipnictadiazanes (left) is well investigated,
little is known about the homologous cyclotetraphosphanes of the type [XP(u-PR)]z (right).

Furthermore, the synthesis of polycyclic phosphane scaffolds was of interest. Such systems are
often derived from white phosphorus, which is, however, hard to obtain commercially.
Moreover, the product distribution of P4 activation processes is often difficult to control, so
alternative reaction pathways from other precursors were desirable. To this end, P precursors
such as PCl3 and R-PH> were to be utilised, as well as functionalised ring systems that might

allow a selective synthesis of polycyclic scaffolds.

All synthesised compounds were to be fully characterised by single crystal X-ray diffraction,
vibrational spectroscopy (IR, Raman) and NMR spectroscopy. Moreover, DFT calculations
were intended to give insight into the chemical bonding and electronic structure of the
compounds to improve the understanding of their chemical reactivity. For this purpose, the
Gaussian 09 program suite was supposed to be installed on the new compute cluster of the
university. A scripted interface to the SLURM workload manager was to be developed, so all
parameters needed for the allocation of computer resources could be automatically derived from
the Gaussian input, and to facilitate easy submission of Gaussian jobs using a simple command

line keyword.






2 Introduction

2.1 Pnictogen-Nitrogen Ring Systems

The synthesis and reactivity of pnictogen-nitrogen ring systems is a fascinating and by now
thoroughly investigated field of main group chemistry.['] Starting in 1894 with Michaelis’ and
Schroeter’s report on the synthesis of “phosphazobenzene chloride”,!® pnictogen-nitrogen
cycles have been in the focus of chemical research until today. Especially for synthetic
chemistry, cyclodipnictadiazanes of the type [ XE(u-NR)]2 (E =P, As, Sb, Bi; X = (pseudo)halo-
gen; R = sterically demanding substituent) are of great interest due to their versatile reactivity:
Depending on the size of the substituent R, a formal equilibrium between the monomeric unit
RN=EX, the dimeric four-membered ring system [ XE(x-NR)]2, the trimeric six-membered ring
system [XE(u-NR)]3 and higher oligomers [XE(u-NR)], can be discussed (Scheme 2),"-1%

giving rise to a variety of different reaction channels.

R
X.__N_._.X R, X
Un RNEX|, =—= 13 = T =—= 4o VEF _— R___X
[ ]n R/N\E/N\R /E_N N:E
, X R
X

Scheme 2. Formal equilibrium between oligomeric and monomeric iminopnictanes depending on the
sterical demand of the substituent R (E = P, As, Sb, Bi; X = (pseudo)halogen; R = sterically demanding
substituent).

For example, the halogen substituents can be abstracted by treatment with Lewis acids such as
GaCls, leading to the formation of cyclic, cationic pnictazenes (A and B in Scheme 3)P-!!"151 or
even acyclic pnicta-diazonium cations with an N—E triple bond, of which the phosphorus and
arsenic derivatives are known to date (C in Scheme 3).['®?2] Treatment with azides results in
the generation of five membered ring systems (E in Scheme 3), e.g. by [3+2] cycloaddition or
ring expansion reactions (via D).['1:?2-26] The concept of [3+2] cycloaddition can also be applied

to so-called “disguised” dipolarophiles and 1,3-dipoles, i.e. the reactive species are formed in



situ from a suitable precursor molecule such as (Me3Si)2N-N(SiMe3)-PCL. In this vein,

different five membered ring systems, such as triazadiphospholes, are accessible.!!%2427-28]
R
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Scheme 3. Cyclodipnictadiazanes as prototypical building blocks in pnictogen-nitrogen chemistry.
Reaction with Lewis acids (LA).

Upon substitution of cyclodipnictadiazanes or iminopnictanes with good leaving groups such
as the triflate moiety (i.e. X = OTY), the reaction with Lewis bases yields base stabilised adduct
cations, demonstrating the possibility of nucleophilic substitution at the pnictogen centre

(Scheme 4).11921:29:30]

‘N=E ™ N=E —> N-E X
© @lLB
R X s R. ©LB s R. ©°LB
[ — I _E X@ — I _E 2 X@
xR X R LB® R

Scheme 4. Cyclodipnictadiazanes as prototypical building blocks in pnictogen-nitrogen chemistry.
Reaction with Lewis bases (LB).
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Typically, cyclodipnictadiazanes can be prepared in good yields starting from R—NH> and ECI3
by a two-step elimination reaction via R-N(H)—ECl,.[*72531733] Thus being easily accessible,
they can be regarded as prototypical building blocks in pnictogen-nitrogen chemistry.
Therefore, we aimed at a systematic development of the chemistry of the homologous
cyclotetraphosphanes of the type [XP(u-PR)]2, which have been barely studied so far, and, by
analogy with the pnictogen-nitrogen systems, might prove to be versatile reagents in

phosphorus chemistry.

2.2 Cyclic Phosphanes

While the chemistry of phosphorus ring systems with organic, silyl or amino substituents is
well investigated,**®! functionalised cyclophosphanes with halogen substituents, in particular
four membered ring systems, are rather rare. The only previous reports date back to the last
three decades: The ring system (z-BuP);PX (1a, b; X = CI, Br) was first observed spectro-

37381 before it could be isolated and fully characterised

scopically by Baudler et al. in the 1980s,!
by Binder et al. in 1994/95 (Scheme 5, top).**Y) Differently substituted derivatives containing
an R3P4Cl scaffold were also reported within the same timeframe.*!! Additionally, two dihalo-
cyclotetraphosphanes of the type [XP(u-PR)]> were reported by the groups of Wiberg and
Lerner in the last decade; however, the compound [CIP(u-PSi(-Bu)3)]> (2a; Scheme 5, middle)
could only be detected by NMR spectroscopy and was not isolated,[**! whereas the iodo deriva-

tive [IP(u-PSi(z-Bu)s)]2 (2b; Scheme 5, bottom) was fully characterised seven years later.[*’]

t-Bu o tBu, X 1a X=Cl
! X - 1b X =Br
N — Lo
tBu"  “tBu tBY  “tBu
(tBu);Si.  Cl 2a
Cl; + NaSi(t-Bu)s —> 1/n L +
Cl”  Si(t-Bu)g
not isolated
@
Na ;
> AUl (tBu)sSi, 1 2b
(tBu)sSi—P<____P=Si(t-Bu); ——> Lo
©\P=P"© — 2 "NaAu" -
N B 1 Si(t-Bu)s
Na

Scheme 5. Literature reported halo-substituted cyclotetraphosphanes.



Furthermore, some three-membered ring systems with halogen substituents were synthesised
in the 1980s; however, these systems were mainly characterised on the basis of NMR
spectroscopy and structural evidence is missing.*3*%] Apart from those neutral species,
Weigand, Burford and co-workers also reported on cationic, cyclic phosphino-phosphonium

frameworks incorporating a halo-substituted phosphonium centre (Scheme 6).14¢!

Cy X Cy.e,X Cy.® X
Ye SN N
A Cy=R _P-Cy Cy—h _P-Cy

Scheme 6. Examples of halo-substituted phosphino-phosphonium frameworks (X = CI, 1).

By analogy with iminopnictanes, diphosphenes can be regarded as formal monomeric units of
cyclotetraphosphanes. Similarly, the P-P double bond can only be stabilised by sterically
demanding substituents, as demonstrated by the work of Yoshifuji et al., who were able to
isolate and characterise the first diphosphene Mes*P=PMes* (3; Mes* = 2,4,6-tri-tert-butyl-
phenyl, Scheme 7) in 1981.17%8] Even though Kohler and Michaelis had already reported on
“phosphobenzene” (PhP=PPh) in 1877,1*) this compound was later identified as cyclic (PhP),
(n =4, 5),°% which can be attributed to the lack of kinetic protection.

2 Cl, —> \
- MgCl,

3

Scheme 7. Synthesis of the diphosphene 3 bearing the bulky Mes* group that prevents dimerisation.

More diphosphenes with different sterically demanding substituents such as Cp* (penta-

[51-611 including a study on

methylcyclopentadienyl) or Ter (2,6-dimesitylphenyl) were reported,
the diphosphene TerP=PPh (4), which could be observed in solution but underwent rapid
dimerisation to the cyclotetraphosphane [PhP(u-PTer)]> (5, Scheme 8).1°) In this respect,
diphosphenes can be regarded as suitable precursors for the synthesis of cyclotetraphosphanes,
as the formation of one or the other depends on the size of the (sterically demanding) substituent

R, comparable to the analogous pnictogen-nitrogen compounds.



0 1) Cl,PPh Q
Li 2) DBU
Co o =D
H - L|CI
Q — DBU-HCI 0
5

Scheme 8. The diphosphene 4 is substituted by a sterically demanding Ter and a small Ph group.
Dimerisation leads to the cyclotetraphosphane 5 (DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene).

Most interesting in this concern are two reports by Romanenko et al., wherein the authors
describe the reactivity of the diphosphene Mes*P=PN(i-Pr). (6) towards Brensted acids: Upon
treatment of 6 with HCI (2 equiv.) at low temperatures, the diphosphene Mes*P=PCIl (7) was
generated in situ; however, no analytical data was given to prove its existence.l** On the other
hand, when reacting 6 with HOTf (1 equiv.), the bicyclic tetraphosphanes Mes*PsMes* (8) and,
allegedly, Mes*P4N(i-Pr), were obtained, the former of which had previously been described
by Fluck et al.!®” The exact reaction pathway, especially the fate of the missing electrons from
the overall equation, remains unclear, though (Scheme 9, left).[®* Intriguingly, when 6 was
treated with HOTT (2 equiv.) in the presence of PPhs, the unusual cation [Mes*P=P(PPh3)]" (9")
was obtained, which was described as a base stabilised diphospha-diazonium cation (Scheme

9, right).[6%]

Phg

®
_P~p-P. HOTF _Ps__N(i-P 2 HOTf _Ps__PPh
112 Mes*” N7 “Mes* <—— Mes* (-P1)e > Mes* 3
8 -? 6 — [HoN(i-Pr),][OTH] 9+ OTf@

Scheme 9. Reactions of Mes*P=PN(i-Pr)z (6) with HOTf.

Polycyclic phosphanes similar to compound 8 are not uncommon in phosphorus chemistry. In
most cases, such systems were synthesised by direct activation of white phosphorus, e.g. by use
of Lewis acids and bases, metals, radicals, or singlet carbenes (Scheme 10).[5336:64-72]
Syntheses starting from P, (n =1, 2, 4) precursor molecules, however, are rather unusual. The
first bicyclic tetraphosphane, (Me3Si)2N-P4—N(SiMe3). (10), which was reported by Niecke et
al. in 1982, is one of the rare examples that was not derived from P4, but from a diphosphane

precursor (Scheme 11).[73]
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Scheme 10. Some examples of P4 activation leading to polycyclic structures (NHC = N-heterocyclic
carbene, CpB!C = pentakis(4-n-butylphenyl)-cyclopentadienyl, WCA = [AI(OC(CF3)3)4]").

H H
base
PN NR Pl N NR ul " LIRS
R,N 2 + R,N 2 ——> RN \|/ 'NR;
I I — base-HCI
Cl H
— HNR, 10

Scheme 11. Synthesis of the first bicyclic tetraphosphane 10 (R = SiMes).

Due to their rigid P4 backbone, bicyclic tetraphosphanes typically display two different
arrangements of the substituents, namely the exo-exo and endo-exo isomers (Scheme 12).
Owing to the generally large substituents, the unusual endo-endo arrangement could only be
realised by bridging groups so far.['*$%7# Most commonly found are exo-exo substituted

tetraphosphabicyclobutanes, indicating that they are energetically favoured.

| ()

-

“Ny/ > 7N/ N/
€X0-exo endo-exo endo-endo

Scheme 12. Isomers of tetraphosphabicyclobutanes. The exo-exo substitution pattern is most common.

For instance, an endo-endo-type structure is incorporated in the tricyclic hexaphosphane Cp*;Ps

(11, Scheme 13),["* which was reported by Jutzi and co-workers in 1989.7>7¢ 1t is a rare



example of a polycyclic hexaphosphane, 77778

even though a variety of structural motifs have
been predicted for neutral Ps (A-F in Scheme 14)!7°! that indicate possible structural motifs for

substituted phosphanes of the type R,P,, (m > n).

D
Q

NV
11

Scheme 13. Structure of Cp*2Ps (11, left). The Pe scaffold resembles the structure of benzvalene (right).
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Scheme 14. Computed minimum structures of Ps in the gas phase. Relative energies given in kJ/mol.[®l

Compound 11 was synthesised by reductive elimination of Cp* substituents from cyclo-
(Cp*P)s, indicating that this method might be a viable way to synthesise polycyclic phosphanes
from cyclophosphane precursors. Consequently, the investigation of this kind of reactivity

concerning systems of the type [ XP(u-PR)]> was also of interest in this work.

2.3 Computational Details

All computations were carried out using the Gaussian 09 program suite!®® and the standalone
version of NBO 6.0.3"1 The Kohn-Sham orbitals were calculated using the hybrid DFT
functional PBEO®2* and different types of basis sets according to the problem (usually
6-31G(d,p) or aug-cc-pVDZ;35-1% notation PBE0/6-31G(d,p) or PBE0/aug-cc-pVDZ). For
energy calculations, the core electrons of heavy atoms (third period or up) were described by
an effective core potential. All structures were fully optimised and confirmed as minima by
frequency analyses; the calculated frequencies were scaled by appropriate scaling factors.[!%!]
Partial charges were derived by Natural Population analysis using the NBO program. Chemical
shifts and coupling constants were derived by the GIAO method,!!%271%! the calculated absolute

shifts (ocalc,x) were referenced to the experimental absolute shift of 85 % H3POys in the gas phase

(orer,1 = 328.35 ppm),['%7 using PH3 (orer2 = 594.45 ppm) as a secondary standard:!!%%]



5calc,X = (O'ref,l - 0'ref,2) - (O'calc,X - 0'calc,PH3)

Ocale,PH3 — Ocale X — 266.1 ppm

The calculated absolute shift of PH3 (gcalc p;) amounted to +604.92 ppm (PBE0/6-31G(d,p)) or
+633.04 ppm (PBEO/aug-cc-pVDZ).

To efficiently calculate all electronic properties of the synthesised compounds, the Gaussian
09 software suite had to be installed on the cluster computer. As indicated in chapter 1, this
involved the development of a submission script that would automatically determine the
hardware resources needed for the calculation from the Gaussian input file. Additionally, all
file operations had to be handled by the script, i.e. copying the input and checkpoint files to the
local hard drive of the cluster node before job execution and saving the output files to the user’s

storage space afterwards (Scheme 15).

On the old cluster system, the amount of memory and CPU cores had to be manually specified
when submitting a new Gaussian job. Additional file operations had to be carried out using a
manually edited script file, which was obviously prone to errors. Therefore, the new script was
intended to be used by a simple command line keyword, so other members of the work group

and the department would also benefit from the easy and robust submission process.

Master Node
(user access, files)

allocation of
hardware resources

node 1 node 2 node 3 node 4 node n

local execution

I
|
|
|
|
|
:
|
\ of Gaussian job !

7

__________

Scheme 15. Simplified scheme of the cluster setup.

The script was written in bash, as it easily allows the interpretation of text files using a variety
of commands such as grep or sed. In the first step, the Gaussian input is evaluated with respect
to the %omem and %nprocs commands; thus, the requested hardware resources are obtained.

This information is stored in a small instruction file for SLURM (Simple Linux Utility for
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Resource Management), which controls the allocation of hardware resources. In the second
step, i.e. when the Gaussian job is executed on a cluster node, the script interprets the file related
Link0O commands in the Gaussian input (%ochk, %rwf and %nosave) and copies the requested
files onto the local hard drive of the cluster node. (Otherwise, the files would be located on a
network storage, which reduces performance.) Additionally, the script stores the information

which of these files should be discarded after job completion (%nosave).

As soon as the Gaussian job finishes successfully, all files are copied back to their original
destination. If, however, the time limit of the cluster (72 h) is exceeded beforehand, the
checkpoint and read-write files are saved and the job is automatically re-queued for
continuation using Gaussian’s restart keyword. The necessary input is generated automatically
from the initial input file. This is repeated until the Gaussian job finishes successfully (or else
aborts with an error). Especially for frequency analyses on large molecules, this proved to be
rather convenient. The behaviour of the submission script can additionally be influenced by
optional switches. An overview is given in Scheme 16. The complete source code can be found

in the appendix (chapter 7.2).

run_g@9 [-option] 1input_file

-e Specifies the e-mail address which should be used for status
updates. The address may also be stored in ~/email_addr

-t CPU time in hours (max. 72)

-s  Checkpointing time in minutes (default: 20)

-a Specifies that a job should only be executed after successful
completion of another job with the specified ID

Example: run_g@9 -t24 input.com

Scheme 16. Usage of the input script on the command line.
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3 Results and Discussion

3.1 Synthesis of [CIP(u-PMes™*)]»

To begin with, a suitable lab scale synthesis for dihalocyclotetraphosphanes needed to be
developed. By analogy with the synthesis of cyclodipnictadiazanes, a reaction starting from
Mes*PH> or TerPH> and PClz was targeted. Both phosphanes could be synthesised in larger
quantities using modified literature procedures, starting from readily available chemicals:
Mes*H was generated on a 200 g scale in a Friedel-Crafts alkylation from benzene and ~-BuCl
using AICI3 as catalyst. It was subsequently brominated and then converted to the phosphane
via lithiation, treatment with PCls, and hydrogenation (Scheme 17, top).l'%!!% TerPH, could
be synthesised starting from 2,6-dichlorobenzene and MesBr according to a modified Hart
reaction,!'!] which was quenched with PCls. Afterwards, the resulting dihalophosphanes

(TerPCla, TerPCIBr, TerPBr2) were hydrogenated (Scheme 17, bottom).[12-114]

1) n-BuLi
3 +-BuCl 2) PCly
AICl; (cat.) Br, 3) 1/2 LiAIH,
Q5 4G 2ot - Com
~3HCl — HBr — n-BuBr
—1/2 LiCl
—1/2 AC;

1) n-BulLi
Cl 2)2 MesMgBr
3) PCl3 1/2 L|AIH4
- H,
— LiCl - 1/2 LiX
Cl - MgX, —1/2 AlX;

Scheme 17. Synthesis of Mes*PH: (top) and TerPH:z (bottom, X = ClI, Br).

In previous studies, the reactivity of silylated phosphanes had been explored with respect to the

synthesis of cyclotetraphosphanes; however, this method had not proven successful to that
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end.!''3! Therefore, an approach similar to the synthesis of Mes*NPCI was chosen:!'¢! Upon
treatment of Mes*PH> with PCl; in the presence of NEts, a dark red solution was obtained. By
in situ 3'P NMR spectroscopy, the colour could be attributed to the formation of the
tetraphosphene Mes*P=PP(Mes*)PCl, (12). It featured an ABCD spin system (Figure 1) with
chemical shifts and coupling constants indicative of a diphosphene moiety (6 =+587.0,
+463.2 ppm, 'J = —578 Hz)[48:31:5260.116] 44 well as a PCl, unit (6 = +209.5 ppm).2317 119 Com-
parison with calculated NMR data (PBE0/6-31g(d,p)) for compound 12 showed reasonable

agreement.

R NN i
I

T i

A B C
t-Bu PCl;
t-Bu
t-Bu
//PB_ PR t-Bu Mes*PH,
t—B u PA ,PC_ CI >
Cl
t-Bu
12
A B C D exptl .
| | \N
7(')0 6(‘JO 5(')0 4(')0 3(')0 2(')0 1 (')0 ('] -1 60 -2'00 -3'00 ‘

chemical shift [ppm]

Figure 1. In situ 3'P NMR spectrum of the reaction of Mes*PH2 with PCls in the presence of NEt; after
12 hours of reaction time. The simulated NMR spectrum of compound 12 is shown at the bottom.

Attempts to crystallise and isolate 12 were unsuccessful. Nonetheless, the constitutionally

isomeric cyclotetraphosphane [CIP(u-PMes*)]» (13, Scheme 18) could be obtained in moderate
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yield (ca. 30 %), indicating the rearrangement of one Cl substituent, accompanied by P—-P bond
formation. Moreover, two different cyclotetraphosphane species with phosphanyl side chains
could be identified as side products (14, 15; Scheme 19). All discussed products comply with
the general sum formula [Mes*PPCl], (n = 2, 3) and can therefore be regarded as formal dimers

and trimers of the diphosphene Mes*P=PClI (7).

xs PCl3 9'
xs NEty Mes* P
Mes*—PH, ———> 1/2 PR —> 1/2 Mes*—P_ P—Mes”
— 2 [HNEt3]CI Mes*— Cl, .
Cl
12 13

Scheme 18. Synthesis of [CIP(u-PMes*)]z (13) via tetraphosphene 12.

Cl< _.Mes*
es” .
25N /Mes* VAN /Cl
Mes*—P  P—R Mes*—FP  P—R
| Cl, | Mes*
cl 14 cl 15

Scheme 19. The side products 14 and 15 are formal trimers of Mes*PPCI (7)

In the 3'P NMR spectrum, compound 13 featured an A>X spin system (—8.1 ppm, +131.1 ppm;
IJ=-217 Hz), which again compared well to calculated NMR data (—1.6 ppm, +119.9 ppm;
IJ=—-166 Hz) and previously reported NMR shifts of the related compounds 2a and 2b.!4>%’]

The cyclotetraphosphane 13 could be crystallised in two different crystal modifications and as
fluorobenzene solvate depending on the crystallisation conditions. The molecular structure
(Figure 2, left) revealed a folded P4 ring system with four P—P single bonds; all substituents
were arranged in equatorial positions. The Mes* moiety connected to P3 was twisted by ca. 60°
around the P-C axis compared with the position of the other Mes* moiety. Clearly, this
conformation displayed four inequivalent phosphorus nuclei, in contrast to the A>X> pattern
observed by solution NMR spectroscopy. To shed light on this discrepancy, detailed structural
calculations were performed, showing that the C1 symmetric conformer observed in the solid
state (13A) was indeed thermodynamically favoured. However, a C> symmetric conformer
(13B) was only 24.3 kJ/mol higher in energy, with a rotational barrier of approx. 58 kJ/mol,
indicating that the A>X> pattern was likely caused by dynamic rotation of the Mes* substituents

in solution (Figure 3).
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C1 Ci2

Figure 2. Molecular structures of 13 (left) and 17 (right) in the crystal. Thermal ellipsoids are set at 50 %
probability (173 K).

To further elaborate on this dynamic behaviour, temperature dependent >'P NMR spectra were
recorded. Upon cooling to —80 °C, the signal assigned to the Mes* substituted P nuclei was
split in two broad resonances in agreement with the minimum structure 13A; however, the
dynamic effect could not be entirely resolved, so the contribution of other dynamic behaviour

could not be excluded (Figure 3).

b —
13B
J,l‘ 300 K
e 233 K
ﬂrm 213 K

193 K

LI I L o o B B e e B R B B B R RS R R
140 120 100 80 60 40 20 0 -20 Chemical Shift (ppm)

Figure 3. Top: The calculated rotamers 13A and 13B are minimum structures of compound 13. The
rotamer B is 24 kJ/mol higher in energy, the rotational barrier is approx. 58 kJ/mol (gas phase). Bottom:
Temperature dependent 3'P NMR spectra of 13 (impurities are greyed out).

The synthesis of 13 could be further improved during the timespan of this work. First of all,
NMR experiments indicated that the choice of a polar solvent such as CH2Cl> for the
rearrangement reaction of 12 to 13 significantly enhanced the selectivity. Moreover, the

separation of [HNEt3]Cl proved to be a crucial step; washing the salt thoroughly with n-pentane
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by repeated back-condensation was found to be necessary to extract the product quantitatively.
For increased purity (> 99 %), the raw product was additionally recrystallised from fluoro-
benzene. In this vein, the overall yield of 13 could be improved to 50 % based on Mes*PHo,

allowing synthesis on a 10-20 g scale.

When using TerPH: instead of Mes*PH: as starting material, an unexpected reaction outcome
was observed: Due to H/CI scrambling, as indicated by the presence of TerPH,, TerPHCI, and
TerPCl, in the reaction mixture, only small amounts of the desired cyclophosphane
[CIP(u-PTer)]> (16) had formed. Instead, a tricyclic phosphane with an exocyclic phosphanyl
group could be isolated (17, Scheme 20), which was a constitutional isomer of 16. Furthermore,

no intermediate analogous to the tetraphosphane 12 could be detected.

xs PCl3 QI
xS NEt; N
Ter—PH, ——> 1/2 P=P___Ter
— 2 [HNEt]CI Ter ,
17 Cl

Scheme 20. Synthesis of the tricyclic phosphane TerP3(CI)P(Cl)Ter (17).
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Figure 4. Experimental (up) and simulated (down) 3'P NMR spectrum of compound 17.
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In the 3'P NMR spectrum, compound 17 displayed an ABCD spin system (Figure 4), which
compares to previously reported NMR data for similar systems.*#+%! The molecular structure
was established by single crystal X-ray diffraction (Figure 2, right). The P3 ring system adopted
the shape of an almost equilateral triangle with typical P-P single bond lengths (cf.
Treov = 2.22 A).1120 The substituents were found in a trans arrangement in relation to the Ter
group connected directly to the ring. Both Ter moieties effectively shielded the P4Cl» scaffold
by their ortho-mesityl groups.

T

R A 1 TR
R

>3E

A X
Cl X Cl
Ter/ P X\Ter Ter” \\F;/ Ter Ter” "\ ,P§/ STer
R B
* 16a CI ¢ 16b A 18
exp. . I \L
sim w | I
TerPCI
’ TerPHCI CI;I
P
P—P Ter
Ter” \IT/
|
e 17 &
150 160 5‘0 (I) -5'0 -160 -1’50 -2‘00 -2;50 -32)0

chemical shift [ppm]

Figure 5. 3'P NMR spectrum of the isomerisation of 17 after 27 days. The starting material (®) is almost
consumed. Main products are 16a (trans, %) and 16b (cis, #).

Since compound 17 was a constitutional isomer of the cyclotetraphosphane 16, the relative
energies of these species were of interest. DFT calculations showed that the cyclotetra-
phosphane 16 is in fact energetically favoured. This could also be verified experimentally by

heating a solution of 17 in THF to 75 °C. The starting material was slowly consumed according
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to a first order reaction, leading mainly to the formation of the cis and trans isomers of 16
(Figure 5). The exo-exo bicycle TerP4Ter (18) as well as the phosphanes TerPHCI and TerPCl,
were observed as side products (< 20 mol %) of the isomerisation reaction, possibly due to
thermal decomposition. However, due to the long reaction time, this approach was not deemed

feasible for synthetic use.

3.2 Reactivity Towards GaCls

In a next series of experiments, the reactivity of the cyclophosphane [CIP(u-PMes*)]> (13)
towards the Lewis acid GaClz was investigated. By analogy with the synthesis of cyclic

911-15] the formation of a cyclic tetraphosphenium ion could be expect-

dipnictadiazenium salts,!
ed. In fact, when treating a colourless solution of 13 with GaCls at —80 °C, an instant colour
change to dark red was observed. In situ *'P NMR spectroscopy revealed the formation of a P4
ring system, as indicated by an AM2X spin system. The significant downfield shift as well as
two rather large 'J coupling constants implied significant double bond character in agreement
with the expected product. DFT/GIAO computations further confirmed the identity of the

observed species, which was characterised as the cyclotetraphosphenium ion 19" (Scheme 21).

Cl
®
Mes*” N\ “Mes*
Cl Cl . o
B GaCl, P 7 20a GaCl,
Mes*—FP P—Mes* ——» | Mes*—F_  P—Mes*
-80°C
| °) Mes*
Cl GaCl, N '©
s PN
13 19" Mes*” \/ “Cl

S]
20b* GaCl,

Scheme 21. The synthesis of the bicyclic phosphino-phosphonium salt 20[GaClas] occurs via the cyclic
tetraphosphenium intermediate 19*.

The computed gas phase minimum structure of 19* was found to be chiral, incorporating a two-
coordinate phosphorus atom as well as a planar, three-coordinate phosphorus centre bearing a
Mes* substituent. Due to a dynamic equilibrium between both enantiomers, the two Mes*
substituted P nuclei were equivalent on the NMR timescale, which accounted for the broadened

AM>X spin system (Figure 6).
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Figure 6. In situ 3'P NMR spectrum of the reaction of 13 and GaClz at —60 °C. The simulated spectrum
of 19* is depicted at the bottom, including dynamic exchange between both enantiomers (computed
structures). Labelled signals are caused by the starting material (®) and other intermediates (x).

The signals of the intermediate disappeared upon heating to —60 °C, and the colour of the
solution faded. As revealed by *'P NMR spectroscopy, two main products were formed, which
could be identified as the exo-exo (20a*) and endo-exo isomer (20b") of the bicyclic phosphino-
phosphonium salt [Mes*P4(Cl)Mes*][GaCls] (Scheme 21). Intriguingly, the product cation
incorporated a tetracoordinate phosphonium centre. With respect to the constitutionally
isomeric intermediate 197, its formation can be rationalised by a formal 1,2-Cl shift.
Accordingly, DFT calculations indicated that the isomers 20a” and 20b" are energetically
favoured by 46.3 and 45.3 kJ/mol, respectively. Still, both isomers are thermally labile and

started to decompose above —30 °C.

In the 3'P NMR spectrum, both 20a* and 20b* featured an AMX> spin system, in agreement
with computed NMR data. The bridgehead nuclei were observed in the typical upfield range
(—214.5, —226.4 ppm, respectively), whereas the tetracoordinate phosphonium centre was
shifted significantly downfield (+51.1, +9.0 ppm), which is quite unusual for bicyclic

62.64,67.69.70.121-125] Therefore, NBO analyses were performed to investigate the

tetraphosphanes.!
electronic structure of the bicyclic P4 scaffold, revealing that the positive charge was mostly

localised at the phosphonium centre (+0.76 e) but also resided at the tricoordinate, Mes*
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substituted P atom (+0.37 e). The overall charge of the P4 scaffold amounted to +1.37 e, which
is rather high in comparison with other bicyclic systems, such as Mes*P4sMes* (+0.54 e) or even
the dication [(Ph3As)Ps(AsPh3)]** (+0.12 €).' A similar picture was obtained by the
electrostatic potential map (Figure 7, right), which shows areas of repulsive potential around

the P atoms that can be attributed to low electron density.

Figure 7. Left: Molecular structure of 20a[GaCl4] in the crystal. Thermal ellipsoids are set at 50 %
probability (173 K). Right: Electrostatic potential of 20a* mapped onto the electron density. Blue areas
indicate repulsive, red areas attractive potential.

At =80 °C, 20a[GaCls] could be crystallised as CH>Clo/PhF solvate. The molecular structure
was determined by single crystal X-ray diffraction (Figure 7, left). All P-P bond lengths
corresponded to typical P-P single bonds (cf Zreoy =2.22 A),[12% although those to the
tetracoordinate atom Pla were somewhat shortened due to bond polarisation. Pl1a was located
in a distorted tetrahedral coordination environment, that is comparable to tetracoordinate P
atoms in cyclic phosphino-phosphonium cations or the bicyclic Lewis acid adduct
TerPsMe-B(CeFs)3.1%4 The fold angle of the bicyclic system (101.7°) lied in the expected

range [62:6%121]

In the presence of dimethylbutadiene (dmb) as trapping reagent, the reaction of 13 with GaCl;
led to the quantitative formation of a bicyclic tetraphosphaoctenium cation (21", Scheme 22),
which can be regarded as [4+2] cycloaddition product between the intermediate 19" and dmb.
Hence, compound 21" represented further chemical evidence for the identity of the
intermediate. In the *'P NMR spectrum, 21" was characterised by four broad resonances, likely
due to hindered rotation of the Mes* or #~-Bu groups. Upon heating, it began to decompose,
whereas cooling to —80 °C resolved a dynamic exchange between several rotamers. The steric

strain within the molecule became apparent in the molecular structure (Figure 8, left), as one of
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the Mes* moieties was highly bent out of planarity to avoid the neighbouring P2C4 ring system.
The angle between the P1—-C1 axis and the least squares plane of the phenyl ring amounted to
52.1°, as opposed to an idealised value of 0° that would be expected for substituents at an
aromatic ring system. According to NBO analysis, the positive charge was mainly localised at

the phosphonium centre (+0.92 ¢e), supporting its description as a bicyclic phosphonium ion.

QI QI QI
25N GaC|3 s \® dmb s \@ MeS*
Mes*—P_ P—Mes* —> | Mes*—F ,P—Mes* | —> Mes*—F P<
-80°C
I © ©
Cl GaCl, GaCl, %
13 19* 217"

Scheme 22. In the presence of dmb, the intermediate 19* could be trapped by [4+2] cycloaddition,
leading to the formation of a bicyclic tetraphosphaoctenium cation (21*).

When treating the bicyclic phosphino-phosphonium cation 20a* or 20b" with dmb, no reaction
occurred. Therefore, this reaction pathway could be excluded as a possible source of 217, giving
further proof that the latter was indeed formed by [4+2] cycloaddition between dmb and the

intermediate 197,

3.3 Reactivity Towards Ag[WCA]

As weakly coordinating anions (WCAs) are known for their ability to stabilise reactive
cations,'?%!2] the reaction of the tetraphosphane 13 with Ag[Al(ORF)4] (RF = CH(CF3),) and
Ag[B(CesFs)4] was investigated. However, no colouration of the reaction mixture was observed
(even at low temperature), which might have indicated the formation of the previously detected
tetraphosphenium cation 19", In case of Ag[Al(ORF)4], all solids dissolved upon warming to

—30 °C and a clear solution was obtained.

Mes* Mes*
¢l o © ol G
P Ag[AI(ORF),] cl—p—FP—Ag— PR~
Mes*—F, P—Mes* ——— 112 ~ X X [AI(ORF),1©
-30 °C \~P—Ag—P— -C
| @ @
Cl cr b 2 )
Mes* Mes*
13 222*

Scheme 23. Synthesis of the silver complex 222+,
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Figure 8. Molecular structures of 21* (left) and 222* (right) in the crystal. Thermal ellipsoids are set at
50 % probability (173 K).

Crystallisation at —80 °C yielded a dinuclear silver complex of 13, which was capped by two
cyclophosphane moieties (222", Scheme 23). Its molecular structure was elucidated by single
crystal X-ray diffraction (Figure 8, right). Interestingly, the centrosymmetric structure revealed
two configurationally inverted P atoms (P2a, P2a’), however, none of the Cl atoms were
abstracted. Still, two Ag---Cl contacts were significantly shorter than the sum of van der Waals

radii (Agl—Cl2a 3.496(1) A, Agl-Cl2a’ 3.641(2) A; cf. Zrvaw = 4.35 A).[128]

120 100 80 60 40 20
Chemical shift [ppm]

Figure 9. Experimental (up) and simulated (down) 3'P NMR spectrum of 222*. The starred signal is
caused by incipient formation of 20b* due to slow elimination of AgCl even at low temperatures (see
below).

The 3'P NMR spectrum revealed a complex AA’BB’MM’M”M*”XX’ spin system (Figure 9)
due to coupling between the *!P nuclei within the ring system and the NMR active '*’Ag and

1Ag nuclei. The A and B part were assigned to the inequivalent, Cl substituted P atoms,
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whereas the M part was attributed to the Mes* substituted P atoms and the X part to the Ag
nuclei. The 'JC'P,!’Ag) coupling constant (Jux) was —468 Hz, which compares to reported

coupling constants of two-coordinate, linear silver complexes.[!2%13"]

NBO analysis indicated that the P—Ag interaction can be described as a classical dative bond,
i.e. the resonance between two neutral cyclophosphane moieties and two distinct Ag" cations
as well as a bonding situation with formal positive charges at phosphorus and formal negative
charges at Ag (Scheme 24). Electron density is donated from the lone pairs (LPs) at phosphorus
into the empty s-orbital at Ag.

T a2 a _To 2 of G R ek
CI—PS ™ Ag Rop: CI—PS P TAITRCR: _ cI—Rg P AI= R
o N ~cl 2 X -l X —cl
\“P: Ag P ‘NTP—Ag—P.. \ P>Ag=P—
@ @
cl ¢ ‘ cl @ o © cl ‘
R R R R R R

Scheme 24. Canonical Lewis representations of 222+ which describe the P—Ag dative bond.

When either the reaction mixture of 13 and Ag[Al(ORY)4] or a solution of 22[Al(ORY)4]> was
allowed to warm to ambient temperatures, precipitation of a white solid was observed,
accompanied by the formation of the bicyclic phosphino-phosphonium cation 20b™ (Scheme
25) as well as minor amounts of 20a*. In this respect, 22[AI(OR")4]> can be viewed as an

isolable intermediate of an intramolecular AgClI elimination process.

Mes* Mes*

\@— [S) @ | ql 20 °C M@?S*
Cl—P> N - o p®
1/2 \\ > _cl E— Mes*/ \I/ Cl
cl | |
Mes* Mes*
222 20b*

Scheme 25. Above -30 °C, the complex 222* eliminated silver chloride, leading to the formation of 20b*.

When the cyclophosphane 13 was treated with Ag[B(CeFs)s4], precipitation of AgCl was
observed even at low temperatures and again the cationic species 20a” and 20b" were formed.
However, the unusual cyclotetraphosphenium cation 19" could not be observed in any of these

reactions.
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3.4 Reactivity Towards Lewis Bases

In a next series of experiments, the reactivity of [CIP(u-PMes*)]> (13) towards Lewis bases was
investigated. Substitution of a (formal) chloride by a neutral nucleophile was intended to give
rise to cationic, four membered ring systems, in which the positive charge should be stabilised
by the Lewis base. In particular, this was supposed to prevent the previously observed

rearrangement to bicyclic phosphino-phosphonium cations (20a*, 20b").

CI)Tf @dmap @dmap
P dmap P dmap P

R— N N R —> R- N N R —> R-— N N R
F|> -0Tf® I? -0Tf® P
OTf OTf @dmap

Scheme 26. Synthesis of base-stabilised, cyclic PN cations (R = Dmp).

A similar concept was used to generate cations from [TfOP(u-NDmp)]> (Dmp = 2,6-dimethyl-
phenyl, Scheme 26).["*!l Nevertheless, upon treatment of 13 with dimethylaminopyridine
(dmap), the in situ *'P NMR spectrum displayed an ABMX spin system that was indicative of
a three-membered ring system with an exocyclic phosphanyl substituent rather than a four-
membered cycle. With the aid of comprehensive DFT studies, the signals could be assigned to

[Mes*P3(dmap)P(Cl)Mes*]" (23", Figure 10).
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Figure 10. In situ 3'P NMR spectrum of the reaction of 13 and dmap after five hours of reaction time.
The simulated spectrum of the intermediate 23* is depicted at the bottom.
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Notably, the calculated structure of 23" resembled the structure of TerP3(CI)P(Cl)Ter (17),
which had previously been obtained by reacting TerPH> with PCl; in the presence of NEt3 (cf-
chapter 3.1). Its formation can be understood in terms of a formal 1,2-Cl shift and rearrangement
of one P—P bond with respect to the starting material. Again, this is congruent with previously
observed reactivity of 13 and might imply that this kind of rearrangement is part of a more

general reaction behaviour.

©]
C,;l dmap
PO dmap / ~p—
Mes*—P_ P-Mes* — |Mes*— ) CI® | ——> 1/2 Mes*”™ \| IB -Mes*
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Cl 13 23" ~Mes™ | —dmap 24

Scheme 27. The tricyclic hexaphosphane 24 was formed via a base induced ring expansion reaction.

Unfortunately, all attempts to isolate 23Cl failed, since it was found to be a transient species.
3P NMR spectroscopy indicated extrusion of Mes*PCl,, which was accompanied by the
formation of the highly symmetric, tricyclic hexaphosphane Mes*PsMes* (24, Scheme 27). The
latter was identified in the NMR spectrum by an AA’BB’B”’B’” spin system (Figure 11), which

corresponds nicely to calculated NMR data.

A g B
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Figure 11. Experimental (up) and simulated (down) 3'"P NMR spectrum of 24 (AA’'BB’B"B” spin system).

The molecular structure of 24 was determined by single crystal X-ray diffraction (Figure 12,
left). It comprised an unprecedented, chair-like six-membered ring system with two trans-
annular bonds and a flat P4 ring system in the middle. All P-P bond lengths corresponded to
typical single bonds, which was supported by DFT calculations. The electron localisation

function (ELF; Figure 12, right) as well as NBO analysis indicated that the electron density was
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distributed asymmetrically around the line of nuclear centres, especially in case of the three-
membered ring systems. This situation is comparable to the so-called “banana bonds” within
tetrahedral P4.13%) In the solid-state Raman spectrum of compound 24, three prominent bands
at 414, 442 and 537 cm™! could be assigned to different vibrational modes of the Ps scaffold.

Interestingly, the tricyclic hexaphosphane was found to be stable towards air and moisture.

1.00
-0.75
0.50

0.25
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Figure 12. Left: Molecular structure of 24 in the crystal. Thermal ellipsoids are set at 50 % probability
(123 K). Right: Depiction of the ELF through the three-membered ring plane, showing the P-P bonding
system and the LPs at the P atoms.

Furthermore, computations were carried out to compare the relative stabilities of different RoPs
isomers (A-C in Scheme 28). In agreement with experimental findings,!’¥ calculations showed
that the smaller Cp* or #-Bu moieties favoured a benzvalene-type structure (A), whereas the

large Mes* substituent stabilised the tricyclic scaffold of type C.
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Scheme 28. Relative energies of R2Ps isomers (AGzgs in kd/mol).

When treating the cyclophosphane 13 with other Lewis bases such as PPhs or tetramethyl-
ethylenediamine (TMEDA), consumption of the starting material could only be detected in the

3P NMR spectrum after an extended reaction time. In case of PPhs, trace amounts of 24 were
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observed after nine days. The reaction of 13 with the NHC tetramethylimidazolylidene, on the
other hand, led to degradation of the P4 ring system. Main products were the hitherto unknown
endo-exo isomer of the bicyclic tetraphosphane Mes*PsMes* (8b, cf. chapter 3.5) as well as the
previously reported diphosphene Mes*PPMes* (3) and dichlorophosphane Mes*PCl, (5:1:7

ratio, Scheme 29).14748]

N
Cl o

: NN~ Mes*” N7/ s8b

~_.Mes*
| Mes*~ Sp~ oo
Cl 3

13 Mes*PCl,

Scheme 29. Formation of the endo-exo isomer of Mes*PsMes* (8b) among other products.

3.5 Reactivity Towards Reducing Agents

The corresponding exo-exo isomer of Mes*PsMes* (8a), which was first reported by Fluck and
co-workers, ! could be selectively obtained in good yields (73 %) by reduction of 13 with Mg
turnings (Scheme 30). This new procedure proved highly advantageous for synthetic use, as the

yield reported for the original synthesis (from P4, Mes*Br and Mes*Li) was very low (5 %).

(i')l

0N\ Mg s p-ihs
Mes*—F P—Mes* —> Mes*” \|/ Mes*

. — MgCl,

Cl 13 8a

Scheme 30. The exo-exo isomer of Mes*PsMes* (8a) can be synthesised selectively by reduction of 13.

Both isomers were fully characterised, including single crystal X-ray diffraction, NMR and
vibrational spectroscopy. The molecular structures displayed a typically folded “butterfly”
conformation (Figure 13). In case of the rare endo-exo substitution, one Mes* substituent fully
shielded the top side of the P4 scaffold; hence, the fold angle was about 10° larger in this case.
The P—P bond lengths corresponded to typical single bonds. In the *'P NMR spectrum, com-
pound 8a displayed an A>X> spin system, whereas 8b featured an A,MX pattern. The
bridgehead atoms were observed at characteristic upfield shifts (8a: —273.2 ppm, 8b:
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—220.4 ppm). The P4 scaffold exhibited characteristic bands in the Raman spectrum, which
allowed to distinguish between endo-exo and exo-exo substitution. Most easily, the substitution
pattern could be recognised by the position of the in-phase A; mode (“breathing mode”) of the
P4 scaffold, which was observed at 592 (8a) or 568 cm™! (8b).

Figure 13. Molecular structures of 8a (left) and 8b (right) in the crystal. Thermal ellipsoids are set at
50 % probability (173 K).

According to DFT calculations, the exo-exo isomer was thermodynamically more stable
(AGoog = 8.8 kJ/mol). Hence, it was of interest whether the endo-exo isomer could be iso-
merised at elevated temperatures. Indeed, when heating a solution of 8b in THF to 75 °C, slow
conversion to 8a was observed in the *'P NMR spectrum (Scheme 31). After ca. 20 days, a
stationary point was reached, indicating an equilibrium between both isomers. The process was
modelled as first order kinetics; the equilibrium constant was found to be 9.3 in good agreement

with the calculated Gibbs energies.

Mes*
[ Ky
Mes*” \, / > Mes*” \|/ "Mes*
k_1
8b 8a

Scheme 31. A slow equilibrium between both isomers was experimentally confirmed.

The bonding situation within 8a and 8b was investigated by NBO analysis. Comparable to the
bonding in the tricyclic hexaphosphane 24, the electron density was found to be bent out of the

line of nuclear centres, as expected for cyclic P3 subunits with bond angles near 60°. The lone
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pairs at P indicated Lewis basicity, which could be confirmed by the formation of Lewis acid

adducts with GaCls (Scheme 32).

@(|3aCI3
_P~p-P< GaCI3 _P~p-P<
Mes*” \|/ Mes* — Mes*” \| /® Mes*

8a 8a-GaCl;
Mes* Mes*
- GaCls PO
Mes*” \| / —> Mes*” \| /®GaCly
8b 8b-GaClj

Scheme 32. The reaction of 8a and 8b with GaCls yielded the respective Lewis acid-base adducts.

In contrast to the tricyclic hexaphosphane 24, the bicyclic tetraphosphanes 8a and 8b were
stable towards GaCls and the respective adducts could be isolated and fully characterised. The
molecular structures (Figure 14) with a tetracoordinate P atom were similar to the structures of
the bicyclic phosphino-phosphonium cations 20a” and 20b" as well as the Lewis acid-base
adduct TerPsMe-B(CeFs)3.1 The fold angles of the P4 systems changed only slightly upon
coordination; however, the P-P bond lengths between the tetracoordinate P atoms and the
bridgehead atoms were shortened in both isomers. The P—Ga bond lengths were somewhat
longer than the sum of covalent radii (Zrcov = 2.35 A)['?Y due to Pauli repulsion between the

o-t-Bu groups of the Mes* substituents and the GaCls units.

Figure 14. Molecular structures of 8a-GacCls (left) and 8b-GaCls (right) in the crystal. Thermal ellipsoids
are set at 50 % probability (173 K).
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Like the free phosphanes 8a and 8b, the adducts 8a-GaCls and 8b-GaCl; were nicely

distinguishable in the solid state Raman spectrum. A summary of important vibrational modes

of the P4 scaffold is given in Table 1.

Table 1: Main vibrational modes of bicyclic tetraphosphanes in the Raman spectrum. Assignment of the
symmetries based on approximate Cz, symmetry of the P4 scaffold.

Vibration mode Description Wavenumber [cm™]
R t 8a: 592
e ? 2R symmetrical valence “breathing mode” 8b: 568
/ (A1 mode, in phase) 8a-GaCls: 597
4 8b-GaCls: 567
<« 8a: 447
e ?; ~N peripheral bond stretch 8b: 500
/=> (B1 mode) 8a-GaCls: 497
8b-GaCls: 518
f 8a: 412

-~ S,Y/f‘{z ~ transannular bond stretch 8b: —
(A1 mode, out of phase) 8a-GaCls: 436

¢ 8b-GaCly: —
7 T 7 8a: 412
- Y/ ™~ peripheral bond stretch 8b: 412
! (B2 mode) 8a-GaCls: 451
& 8b-GaCls: 438

NBO analysis revealed that the charge distribution only changed slightly upon coordination and
that the P4 bonding system basically remained unchanged. The P—Ga interaction can be
described as a dative bond between a LP at the phosphorus atom and an empty p-type orbital at
the Ga atom; the electron density is strongly polarised towards phosphorus. Again, the exo-exo

isomer 8a-GaCls was calculated to be thermodynamically favoured (8.0 kJ/mol).

In the 3'P NMR spectrum of 8a-GaCls, dynamic exchange of the GaCls moiety was detected
(Figure 15). Variable temperature NMR experiments revealed that the exchange could be
attributed to an intramolecular as well as intermolecular process (i.e. fast swapping of the GaCls
moiety between both bridging P atoms and a slower dissociation equilibrium). The temperature
dependent rate constants of both processes could be determined by line-shape analysis and the
activation barriers were derived using the Eyring theory (39.5, 30.9 kJ/mol, respectively). In
case of 8b-GaCls, no intramolecular exchange was observed due to the arrangement of the Mes*

substituents. Nonetheless, dynamic exchange between the free phosphane and the adduct was
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detected, which was likely caused by a bimolecular exchange reaction of the type

8b-GaCl; + 8b’ 2 8b + 8b’-GaCls.

A,
@GaCIg, A
X, M

X\ A/M Mes*

X, M 8a-GaCI3

300 K k=149 x 10°s™
7 400 450 200 Chemical Shift (pm)
A,
X M m
M #Wj\h A,
X M m m
e b

193 K k=222x10"s"

rrfrrrr|rrrrrrrrr|rrrrprrrr[rrorr g

-100 -150 -200  Chemical Shift (ppm)

Figure 15. Experimental (up) and simulated (down) 3'P NMR spectra of 8a-GaCls at 27 °C (top) and
—-80 °C (bottom) demonstrating the dynamic exchange of the GaCls moiety in solution. The free
phosphane (x) was added in slight excess so it was detectable in the NMR spectrum (® = impuirity).

Analogously to the free phosphanes, the adducts 8a-GaCl; and 8b-GaCls could be isomerised
in solution. They were found to interconvert slowly even at room temperature. The
establishment of equilibrium was monitored by *'P NMR spectroscopy over a period of several
weeks. The equilibrium constant for the reaction 8b-GaCl; 2 8a-GaCls was found to be 1.6,

hence the relative stability of the endo-exo isomer was increased upon coordination to GaCls.

3.6 Further Syntheses of Bicyclic Tetraphosphanes

In the context of the studies concerning bicyclic tetraphosphanes, the previously reported
reaction of Mes*P=PN(i-Pr). (6) and HOTf was of interest.®’] Reportedly, it yielded
Mes*PsMes* (8) and the unusual, asymmetrically substituted bicycle Mes*P4N(i-Pr);
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however, the configuration of these systems remained undefined. In fact, when trying to
reproduce the previous findings, the exo-exo and endo-exo isomer of Mes*PsMes* (8a, 8b)
were obtained in a 1:4 ratio (Scheme 33). Probably, the analytical data were misinterpreted in
the original publication. Since a mixture of both isomers was obtained, separation was difficult
and only achievable for small amounts of substance. The reduction of 13 or its reaction with
tetramethylimidazolylidene proved to be more suitable for the preparation of pure 8a or 8b, as

described above.

Mes*

|
N(j-Pr), 10HOTf _P=p-P- Pep-
Pz Z 70 1 Mes* N1/ Mes* + 4 Mes*” \|/

-?

10 Mes*” “p~

6 8a 8b

Scheme 33. In contrast to previous reports, the reaction of 6 and HOTf yielded 8a and 8b in a 1:4 ratio.

Upon reaction of Mes*P(SiMe;)2!'*1 with PCl; in the presence of GaCls, the adducts 8a-GaCls
and 8b-GaCl; were obtained (7:5 ratio, Scheme 34) among other side products. Depending on
the choice of solvent, either isomer could be crystallised selectively. Hence, this reaction can
be regarded as another example of “self-assembly” from P; building blocks, similar to the

synthesis of the cyclotetraphosphane [CIP(u-PMes*)]> (13).

Cls GaClj Mes*
SiMe;  Gacl; _Pep-P- Pep-P.
Mes*—FR —> Mes*” \|/ Mes* + Mes*” \|/ "GaCly + ...
SiMej
8a-GaCl; 8b-GaCl;

Scheme 34. Direct synthesis of 8a-GaCls and 8b-GaCls from P+ building blocks.
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4 Summary and Outlook

In conclusion, it was possible to develop a practical synthesis for the cyclophosphane
[CIP(u-PMes*)]2 (13), by which it could be obtained in quantities of 10-20 g. Its reactivity
towards Lewis acids and bases as well as reducing agents was studied, demonstrating that the
formation of bicyclic P4 scaffolds represents a general type of reactivity in phosphorus
chemistry. This is especially interesting in view of the fact that comparable structural motifs
can also be observed in degradation processes of white phosphorus;*>*¢ however, the examples
presented in this work were formed from a functionalised cyclophosphane, which again was

generated from P precursors. (Scheme 35).

Scheme 35. Overview of the product scope of the cyclotetraphosphane 13.

Particularly, the first bicyclic triphosphino-phosphonium framework (20a*, 20b") as well as the
first [3.1.0.0>*]-tricyclic hexaphosphane (24) could be synthesised, which add missing

fragments to the chemistry of polycyclic phosphanes. Furthermore, similarities and differences
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to homologous pnictogen-nitrogen ring systems were shown: although cationic phosphenium
ions can be generated, these are barely stabilised by the neighbouring P atoms and thus only
stable at low temperatures. Therefore, such systems undergo rearrangement reactions to form
additional P-P bonds to stabilise the low-coordinate P centres. Likewise, 1,2-Cl shifts were

repeatedly observed, which can be attributed to the same cause.

Additionally, it was possible to synthesise bicyclic tetraphosphanes directly from P; and P>
precursors. These systems were thoroughly investigated, including some thermodynamic and

kinetic data concerning the stabilities and interconversion of different isomers.

Future studies will involve reactions of 13 with (frustrated) Lewis pairs. Preliminary results
show that it is possible to replace the Cl substituents using this approach, leading to the
formation of differently substituted ring systems, or — depending on the sterical demand of the
Lewis base — even diphosphene species by formal [2+2] cycloreversion. However, further
studies are needed to refine this method and to collect sufficient data for complete

characterisation of the products.
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Dimers and Trimers of Diphosphenes:

A Wealth of Cyclo-Phosphanes

Jonas Bresien,” Christian Hering,”” Axel Schulz,*®® and Alexander Villinger®

/Abstract: Various new P-based ring systems were synthe-
sised by transferring established reaction routes from NP
chemistry to the analogous PP compounds. Due to the dif-
ferent electronic situations of phosphorus and nitrogen with
respect to s and p character of the lone pair, different reac-
tivity of the phosphorus compounds was observed, especial-

\Iy with regard to the specificity of the reactions and the sta-

bility of the products. Whereas Mes*N=PC| (Mes* =2,4,6- tl’l-\

tert-butylphenyl) is stable in the solid state and in solution,
the formal phosphorus congener Mes*P=PCl is highly reac-
tive and could not be observed. Instead, several formal
dimers and trimers of Mes*P=PCl could be isolated, which
constitute an intriguing variety of three- and four-membered
ring systems.

/

Introduction

The synthesis of compounds containing E—E multiple bonds
(E=group 15 element) is a well-established area of main
group chemistry."’ In particular, we have always had great in-
terest in NE chemistry, for example, the synthesis of cyclo-di-
pnictadiazanes [XE(u-NR)], (A, X = (pseudo)halogen).”'” These
four-membered ring systems are closely related to the highly
reactive haloiminopnictanes RN=EX (B), since they can be re-
garded as formal dimers of the latter (Scheme 1). The stability

Scheme 1. Formal equilibrium between cyclo-dipnictadiazanes (A) and
(pseudo)halogen-substituted iminophosphanes (B) depending on the size of
the substituent R.

of the monomeric iminopnictanes in comparison with the cor-
responding dimeric cyclo-dipnictadiazanes depends on the size
of the sterically demanding substituent R"'? For example,
the supermesityl substituent (Mes* =2,4,6-tri-tert-butylphenyl)
favours the formation of the monomeric iminophosphane
Mes*NPCl (1), which is stable in the solid state and in solu-
tion.*'¥ However, less sterically demanding substituents, such
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as the terphenyl group (Ter=2,6-dimesitylphenyl), promote
the formation of dimeric cyclo-dipnictadiazanes, for example,
[CIP(u-NTer)], (2).5

These earlier findings prompted us to expand the concepts
of NE chemistry to the analogous phosphorus compounds.
Even though four-membered ring systems based on P are well
investigated,"® especially with organic or amino substituents
at P, little is known about cyclo-tetraphosphanes of the type
[XP(u-PR)]; (C in Scheme 2). Only two examples of this class of
compounds are described in the literature. The chloro-substi-
tuted cyclo-tetraphosphane [CIP(u-PSitBus)l, (3a) was identified
by *'P NMR spectroscopy as an intermediate of the reaction of
PCl; with NaSitBus, but was neither isolated nor further charac-
terised."” In contrast, the iodo-substituted analogue [IP(u-

R.p= P\PPh3

8+
HOTf T PPh;

R.2P< .
NiPr, '

%;R\P
P5ab

R. _-P< | M=Tl
P R 2 R=Ter
/ RN A
A \S}/(( /1/9 R P\ N ,,P -R
PCl; + NaSi(tBu), %, 8P’

M 4a,b
Scheme 2. Reactivity of P compounds related to cyclo-tetraphosphanes C
(4a: R=SitBu;; 4b: R=Ter; 5a: R=Ter; 5b: R=Mes*; 6: R=Mes*, X=Cl;
7:R=Mes*; 87: R=Mes¥).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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PSitBus)l, (3b), which was obtained by reaction of the tetra-
phosphenediide Na,[tBu,SiPPPPSitBu,] (4a) with Aul, was fully
characterized, including single crystal structure elucidation."
Upon treatment with iodine, the similar tetraphosphenediide
TI,[Ter'PPPPTer] (4b, Ter =2,6-(2,6-diisopropylphenyl)phenyl)
gave the bicyclotetraphosphane Ter'P,Ter’ (5a), which can be
regarded as the formal reduction product of [XP(u-PTer’)],.l"”

Concerning halogen-substituted diphosphenes, the formal
monomers of the discussed cyclo-tetraphosphanes, the only re-
ported example is Mes*PPCl (6), which was proposed to be the
labile intermediate of the reaction of Mes*PPN(iPr), (7) with
various organolithium compounds (RLi) in the presence of HCl,
leading to differently substituted diphosphenes of the type
Mes*PPR.?@ However, no analytical information proving the
formation of 6 was given in the publication, and thus its exis-
tence is uncertain. A closely related compound is the diphos-
phenyl-substituted  phosphonium salt  [Mes*PP(PPh,)]OTf
(80Tf), which was synthesized by treating 7 with HOTf in the
presence of PPh,.?" The cation was dubbed a “donor-stabilized
phosphanetriylphosphonium cation” in the original publication
(or as we would call it, a donor-stabilized diphosphadiazonium
cation). In our opinion, though, this name does not reflect the
actual bonding situation, since experimental and the-
oretical data give proof for a diphosphene with an
adjacent phosphonium centre. The solid-state struc-
ture reveals an angled CPPP backbone and a central
P—P bond length of 2.035(1) A that corresponds to
a typical double bond (Zr,,(P=P) =2.04 A).”? Further- 9
more, NBO analysis showed that the positive charge
is mostly localized at the P atom of the PPh; moiety
(Supporting Information). Lack of the stabilizing PPh;
resulted in the formation of the bicyclotetraphos-
phane Mes*P,Mes* (5b), which was previously described by
Fluck and co-workers.”® We took these findings as a starting
point for our own investigations, which we report herein.

Results and Discussion

Oftentimes, P-based ring systems and related polyphosphorus
compounds are derived from white phosphorus (P,).?" We de-
cided to investigate a different approach, that is, the synthesis
of ring systems starting from P, building blocks. In analogy to
the synthesis of 1,'" we treated Mes*PH, (9) with an excess of
PCl; (to avoid multiple substitution) in the presence of NEt,.
After 12h, the P NMR spectrum of the reaction mixture
(Figure 1) indicated intermediate formation of
Mes*P=PP(Mes*)PCl, (10), which slowly isomerised to the
desired compound [CIP(u-PMes*)], (11, Scheme 3) after 20 h.
Both compounds 10 and 11 were identified by calculation
of the *'P NMR data and subsequent simulation of the spectra
(see Supporting Information). Compound 10 is characterised
by an ABCD spin system that comprises four threefold doub-
lets (Figure 1). Two of the signals exhibit large downfield shifts
(Oexpt=587.0, 463.2 ppm; Ocyca=605.1, 468.5 ppm) with a large
negative coupling constant ('Jy,q=—578 Hz; 'J,q=—507 Hz),
which is typical for diphosphenes.”>?® The PCl, group displays
a chemical shift of 209.5 ppm (dq=163.9 ppm), which is in

Chem. Eur. J. 2014, 20, 12607 - 12615 www.chemeurj.org
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Figure 1.°'P NMR spectrum of intermediate 10 from the reaction of 9 with
PCl; and NEt; after 12 h of reaction time. The simulated NMR spectrum is
depicted at the bottom.

(FI
xs PCly Mes* P
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10 1

Scheme 3. Reaction of Mes*PH, (9) with an excess of PCl; and NEt; leads to intermediate
10, which isomerises to [CIP(u-PMes*)], (11).

the expected range of dichloro-substituted phosphanes.?=?
The central PMes* moiety is shifted to 21.7 ppm (dqeq=
7.4 ppm). Compound 11 displays an A,X, spin system (Fig-
ure S1, Supporting Information) with chemical shifts of
—81ppm  (Ouw=-—16ppm) and 131.1 ppm (Ou=
119.9 ppm) and a coupling constant of —217Hz (=
—166 Hz). These values compare nicely with the NMR shifts
and coupling constants previously reported for 3a
(—14.8 ppm, 120.5 ppm; —244Hz) and 3b (—34.9 ppm,
149.0 ppm; —227 Hz).'"""'®

All attempts to crystallize and subsequently isolate 10 failed.
Instead, the constitutionally isomeric cyclo-tetraphosphane 11
(Figure 2) was isolated in moderate yield from saturated solu-
tions. Moreover, it was possible to crystallize and identify two
side products of the reaction, namely, the cyclo-tetraphos-
phanes 12 (see Figure 5 below) and 13 (see Figure 6 below)
with exocyclic chlorophosphanyl groups. Interestingly, all com-
pounds display a formal composition that can be described as
(Mes*P,Cl), (n=2, 3), that is, they are formal dimers and trim-
ers of 6, respectively.

Compound 11 crystallised from saturated fluorobenzene so-
lution as colourless block-shaped crystals in triclinic space
group P1, monoclinic space group P2,/c or as fluorobenzene
solvate 11-PhF in monoclinic space group P2,/n. The molecular
structure of 11 is similar in each case, although the fold angle

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Molecular structure of 11 in the crystal (P2,/c). Thermal ellipsoids
drawn at 50% probability and —100°C. Mes* substituents rendered as wire-
frame for clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.2731(5),
P1—P4 2.2596(5), P1—C1 1.869(1), P2—P3 2.1905(5), P2—Cl1 2.0967(5), P3—P4
2.2026(5), P3—C19 1.844(1) P4—Cl2 2.1061(6); C1-P1-P2 99.23(4), C1-P1-P4
101.96(4), P1-P2-P3 80.54(2), P1-P2-CI1 106.45(2), P3-P2-Cl1 97.97(2), P2-P3-
P4 84.65(2), P2-P3-C19 108.97(5), P4-P3-C19 122.05(5), P3-P4-P1 80.58(2), P3-
P4-CI2 97.32(2), P1-P4-CI2 104.47(2); P1-P2-P4-P3 119.45(3), CI1-P2-P4-CI2
—1.06(5) C1-P1-P3-C19 —17.9(1).

of the four-membered ring system, which adopts a slight but-
terfly conformation, varies significantly depending on the crys-
tal structure.

The fold angles ¢, and ¢, (Figure 3) describe the puckering
of the ring system; values close to 180° represent a nearly flat
ring, whereas smaller values indicate a more pronounced puck-
ering of the ring system.®® In symmetrically substituted rings,
both angles adopt the same value, whereas in asymmetrically
substituted rings, the values can differ significantly. In case of
11, though, the fold angles ¢, and ¢, are very similar (A¢ <2°).
Therefore, the average values for each crystal structure are dis-
cussed. The experimentally determined fold angles vary from
120 (P2,/c) through 139 (P1), to 143° (P2,/n). The calculated
gas-phase structure displays a fold angle of 133°, which is
roughly in the middle of the experimental range. Hence, the
deviations of the fold angles are presumably due to packing
effects in the solid state. These values compare well with those
of other P, ring systems, in which fold angles span a wide
range from 173 to 110°.5*3 This demonstrates the high flexi-
bility of the four-membered ring system due to a flat energy
potential for that kind of deformation.

/

Figure 3. Fold angles ¢, and ¢,.
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All substituents at the P, ring system are arranged in equa-
torial positions. One of the Mes* substituents is twisted around
the P—C bond axis (angle between least-squares planes of the
phenyl rings: 61.0°) to minimize steric repulsion between the
ortho-tert-butyl groups and the chlorine atoms. Consequently,
the chlorine atoms are slightly bent towards P3, and the P1-
P2-CI1 and P1-P4-CI2 angles (av 103°) are significantly larger
than the P3-P2-ClI1 and P3-P4-ClI2 angles (av 98°). This effect is
especially pronounced in the structures with small fold angles,
due to the increased steric strain between the ortho-tert-butyl
and Cl substituents. The P—P bond lengths between P1 and P2
or P4 are slightly longer than the sum of the covalent radii (av
2.26 A; cf. =r,(PP)=2.22 A),*? whereas the P2—P3 and P3—P4
bond lengths are shortened (av 2.20 A). The P—Cl bond lengths
(av 2.10 ) correspond to typical single bonds (cf. =r,(PCl) =
2.10 A).”? Detailed structural data are summarized in Table 1.

Table 1. Selected bond lengths [A] and angles and dihedral angles of
11 [] in the solid state and calculated values [PBE0/6-31G(d,p)].

P2,/c P2,/n P Calcd
P1-P2 2.2731(5) 2.2542(7) 2.2606(5) 2.274
P1-P4 2.2596(5) 2.2533(7) 2.2548(5) 2272
P2—P3 2.1905(5) 2.1927(7) 2.2184(5) 2.204
P3—P4 2.2026(5) 2.2178(7) 2.1766(5) 2217
Cl1-P2 2.0967(5) 2.0878(7) 2.1086(5) 2.118
Cl2—P4 2.1061(6) 2.1070(8) 2.0999(5) 2.118
P1-P2-CI1 106.45(2) 101.87(3) 100.89(2) 104.4
P3-P2-CI1 97.97(2) 98.23(3) 98.24(2) 100.0
P1-P4-CI2 104.47(2) 99.76(3) 104.40(2) 104.6
P3-P4-CI2 97.32(2) 97.63(3) 98.55(2) 98.7
P1-P2-P4-P3 (¢,) 119.45(3) 143.21(4) 138.82(3) 1333
P2-P1-P3-P4 (¢,) 120.72(3) 143.47(4) 139.47(3) 133.6

Clearly, the conformation of 11 in the solid state does not
account for the observed A,X, pattern in the *'P NMR spec-
trum. However, a slight broadening of the triplet signal, which
was assigned to the Mes*-substituted P atoms, hints at a possi-
ble underlying dynamic effect, that is, the rotation of the Mes*
substituents is fast compared to the NMR timescale. Thus, a
variable-temperature NMR experiment was carried out and re-
vealed a distinct broadening of the signal in question at
—20°C. Upon cooling to —80°C, the signal divided into two
broad resonances, indicating two inequivalent Mes*-substitut-
ed P atoms in accordance with the solid-state structure (e =
9.3, —34.7 ppm; Oq=2.6, —67.5 ppm). However, it was im-
possible to reach the coalescence temperature of the Cl-substi-
tuted P atoms; thus, the observed effects in the NMR spectrum
cannot be unambiguously assigned to rotation of the Mes*
substituent, and other dynamic effects may well contribute to
the signal broadening (Figure S1, Supporting Information).

Calculations at the PBE0/6-31G(d,p) level of theory identified
two possible rotamers of 11 (Figure 4). The C,-symmetric con-
former 11B is about 24.3 kJmol™' higher in energy than C;-
symmetric 11A. The rotational barrier of about 58 kimol™" is
reasonably small and confirms free rotation of the Mes* sub-
stituents at ambient temperature.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The calculated rotamers 11 A and 11B are minimum structures of
11. The Gibbs energy of B is 24.3 kJmol™" higher than that of A, and the
rotational barrier is estimated to be 58 kJmol™' (gas phase).

C19

cin

Figure 5. Left: Molecular structure of 12 in the crystal. Right: Central motif, only the

ipso-C atoms of the Mes* groups are displayed.

c3 C19

ci

Figure 6. Molecular structure of 13 in the crystal. Thermal ellipsoids drawn at 50% prob-
ability and —100°C. Left: Mes* substituents rendered as wireframe. Right: Central motif,
only the ipso-C atoms of the Mes* groups are displayed. Selected bond lengths [A] and
angles [°]: P1—P2 2.225(1), P1—P4 2.239(1), P2—P3 2.239(1), P2—P5 2.229(1), P3—P4
2.220(1), P3—P6 2.237(1), P1-CI1 2.093(1), P4-C37 1.848(3), P5—Cl3 2.094(1), P5—C1
1.849(3), P6—Cl2 2.104(1), P6—C19 1.855(3); P2-P1-P4 80.79(4), P1-P2-P3 87.36(5), P2-P3-P4

80.89(4), P3-P4-P1 87.50(4); P4-P1-P2-P3 35.30(4), P1-P2-P3-P4 —35.62(4), P5-
P2-P3-P6 141.34(5), P2-P3-P4-P1 35.37(4), P3-P4-P1-P2 —35.64(4).
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Compound 13 (Figure 6) crystallized from saturated CH,Cl,
solution in the space group P1 with two independent mole-
cules of 13 and two molecules of dichloromethane in the
asymmetric unit. This explains the large unit-cell volume of
6251.7(6) A®. Again, all P—P, P-C and P—Cl bond lengths are
within the ranges of typical single bonds. The P, ring adopts
a butterfly conformation with a fold angle of about 128°. The
endocyclic bond angles range between 80.79(4) and 87.50(4)°
and all substituents are arranged in equatorial positions. These
structural parameters are typical for cyclo-tetraphos-
phanes.[28'36’37]

Due to the larger size of the crystals, it was possi-
ble to separate some of them from a large part of
the adhering impurities and thus allow a *'P NMR
spectrum to be recorded. By means of calculated
NMR data (Table 2) and subsequent simulation of the
spectrum, all signals arising from 13 could be unam-
biguously identified (Figure 7), and thus the persis-
tence of 13 in solution was proved.

We emphasize that compounds 12 and 13 were
only two side products of the reaction amongst
other, possibly similar species that could not be iso-
lated. Due to their functional similarities, general low
solubility and low vyields, further purification of these
compounds was not possible within a reasonable
amount of time.

In summary, the identification of compounds 10—
13 helped to understand the pathway of the reaction
of Mes*PH, (9) with PCl; and NEt;. Formation of the
intermediate diphosphene 10 proved that a species
with a P—P double bond was generated by base-in-
duced HCl elimination. It is not unlikely that the
chlorodiphosphene 6 was actually formed in situ, but
underwent further reaction with 9 and PCl; to give
10. After a while, decreasing intensity of the NMR sig-
nals of 10 in favour of those of 11 indicated a slow
rearrangement reaction, the specificity of which was
found to improve upon use of a polar solvent. Com-
pound 12 can be regarded as the formal [2+2] cyclo-

Table 2. Experimentally determined *'P NMR shifts and coupling
. . constants of 13. Calculated values [PBE0/6-31G(d,p)] are given in
Side product 12 (Figure 5) only gave small crystals; accord- parentheses.
ingly, the quality of the X-ray diffraction data is not sufficient \
to discuss detailed bond lengths and angles. However, it can X o [ppm] oy oy JP[H;] b oy
be stated that all P—P, P—Cl and P—C bond length are within A i < i ‘
the ranges of typical single bonds. The P, ring adopts a butter- Pa (ﬂ:i;) - - - - _
fly Fc'mformatlon, with all substituents arranged in equatorial . 1960 Y ) i i )
positions. ® (+67.5) (—26)
Because only small amounts of 12 could be obtained, the P +729 +193 —0.5 _ B B
signal-to-noise ratio in all *'P NMR spectra was too low for un- (+52.2) (+151) (=14
bi . f the NMR sianals. Th . tal p -17.4 -210 +303 -19 B ~
ambiguous assignment of the signals. Thus, experimenta b (_51.9) (170) (£191) (_30)
proof is lacking that 12 does actually persist in solution; possi- o 249 16 —205 +221 —~120
bly, this species is only stable in the solid phase and undergoes £ (—48.7) (=5) (—144) (+103) (=73)
rearrangement or dissociation upon dissolution. Owing to the P —44.8 —185 +225 —174 +80 —140
. . . . (=54.5) (=152) (+183) (=14) (+60) (=97)
very low yields of 12, further studies seemed infeasible.
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Compound 16 crystallized from diethyl ether/ben-
zene in monoclinic space group P2,/n as an Et,0/
CeHs solvate. The three-membered ring system
adopts the shape of an almost equilateral triangle in
which the P3—P4 bond is slightly shorter (2.1787(9) A)
than the other P—P bonds (av 2.23 A; cf. =r.,,(PP)=
2.22 A).2? The inner angles of the P, ring vary from
58.55(3) to 60.97(3)°; thus, all angles are close to the
ideal value of 60°, which is typical for cyclo-triphos-
phanes.***! The P—C and P—Cl distances are all
within the range of typical single bonds. The two Ter
substituents are at an angle of 65.4° to one another
(angle between the least-squares planes of the P-
bound aryl groups), and thus the central P,Cl, scaf-
fold is effectively shielded by the ortho-mesityl
groups. To the best of our knowledge, 16 is the first
structurally characterized cyclo-triphosphane with
a chloro substituent at the P, ring system. Other simi-
lar species were only characterized by NMR spectros-

Mes*_ ﬁ% _ClI
Mes*
/B\ /
CI—R\ /PE—PB\
FIB [¢]
Mes*
A B C DE F exptl
I‘I ’” ' w M sim.
150 100 50 0 -50

chemical shift [ppm]

Figure 7.°'P NMR spectrum of impure 13. All signals of 13 could be identified by NMR
spectrum simulation (bottom), thus proving the presence of this species in solution.

Starred lines within the enlarged signals arise from impurities.

addition product of 10 and 6, which hints at possible inter-
mediate formation of 6. Lastly, compound 13 is most likely the
product of a rearrangement reaction, possibly starting from
12, although the exact reaction pathway remains unclear.

In a next series of experiments, we slightly decreased the
steric hindrance by utilizing the terphenyl substituent (average
cone angle 0,,=196° at 1.85 A) instead of Mes* (0,,=224° at
1.85 A).2¥ Upon treatment of TerPH, (14) with an excess of
PCl; and NEt; under the same reaction conditions, a surprisingly
different reaction outcome was observed (Scheme 4). Accord-

(FI
xs PCly R
Ter—PH, ————7— P-P_ __Ter
xs NEt3 Ter FI’
Cl
14 16

Scheme 4. Treatment of TerPH, (14) with an excess of PCl; and NEt; leads to
the formation of cyclo-triphosphane 16.

ing to the *'P NMR spectrum of the reaction mixture after com-
plete consumption of 14, only very small amounts of the ex-
pected cyclo-tetraphosphane [CIP(u-PTer)], (15) had formed.
Instead, an intriguing cyclo-triphosphane with an exocyclic
chlorophosphanyl substituent (16, Figure 8) was obtained in
moderate yield. Moreover, no intermediate diphosphene spe-
cies comparable to 10 could be observed during the reaction.
Instead, an H/Cl exchange at the P atom of 14 was detected,
leading to the presence of TerPH,, TerPHCI and TerPCl, in the
reaction mixture. The presence of these species apparently
gave rise to reaction channels different to those observed for
Mes*PH, (see above).
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In the *'P NMR spectrum, 16 is characterized by an
ABCD pattern (Figure 9). The signals A and B, which
can be assigned to P1 and P4, respectively, are split
into pseudo-doublets of doublets due to the unre-
solved coupling between the two nuclei (Jyz=
—1.2 Hz). The other two signals display a threefold doublet
splitting, as expected. Detailed NMR data can be found in
Table 3.

C1

Figure 8. Molecular structure of 16 in the crystal. Thermal ellipsoids drawn
at 50% probability and —100°C. Ter substituents are shown as wireframe for
clarity. Selected bond lengths [A] and angles [*] :P1-C1 1.852(2), P1—Cl1
2.0954(9), P1—P2 2.2329(9), P2—P3 2.2222(9), P2—P4 2.233(1), P3—P4
2.1787(9), P3—C25 1.846(2), P4—CI2 2.077(1); C1-P1-P2 109.10(8), CI1-P1-P2
92.80(4), P1-P2-P3 86.48(3), P1-P2-P4 102.17(4), P3-P2-P4 58.55(3), P2-P3-P4
60.97(3), P2-P3-C25 109.03(8), P4-P2-C25 101.39(8), P3-P4-P2 60.48(3), CI2-P4-
P2 110.43(4), CI2-P4-P3 102.91(4); P1-P2-P3-P4 106.57(4), P1-P2-P4-P3
78.15(4).
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Intriguingly, 16 is a constitutional isomer of cyclo-
tetraphosphane 15, which was the expected reaction
product in the first place. Hence, we were interested
in the relative stabilities of these isomers. DFT calcula-
tions revealed that 15 is slightly lower in energy than
16 (AG,ss=2.2 kJmol™). Accordingly, we reasoned
that it might be possible to isomerise 16 to 15 at ele-
vated temperatures. Therefore, a sample of 16 was
dissolved in THF and kept at 75°C. After 1d, the
3P NMR spectrum did indeed indicate incipient for-
mation of 15. Continual observation of the slow iso-
merisation over a longer period of time indicated
that the consumption of 16 corresponds to a first-order reac-
tion (for further information, see Supporting Information). Two
configurational isomers of 15 were formed: one features a cis
arrangement of the Cl substituents (cis-15) with respect to the
four-membered ring system, and the other a trans arrange-
ment (trans-15; Figure 10). This was also observed in the case
of the analogous NP system [CIP(u-NTer)],."

Compound cis-15 is characterised by an A,X, pattern in the
PP NMR spectrum (Ogpq=100.3, 12.6 ppm; 'Jopq=—200 Hz),

At ’l J\,JLNW.

N/
ﬁ'rﬂ

L) JKuUJM %LUJJLL BEIIAS
L] e T

cis-15A

A B C
(.I,I
P
Hp T
— er
Ter” ¢ o p”
r
Cl
A B cDh exptl
’ W sim.
150 100 50 0 -50 -100 -150

chemical shift [ppm]

Figure 9. Experimental (up) and simulated (down) *'P NMR spectrum of 16.

Table 3. Experimentally determined *'P NMR shifts and coupling
constants of 16. Calculated values [PBE0/6-31G(d,p)] are given in
parentheses.
X O [ppm] J[Hz]
PA—X Pe-X P-X

p +107.6 _ _ _

A (+92.2)
P +22.7 —-1.2 _ _

s (4+20.6) (~15)
o ~114.8 +298 —249 ~

¢ (—136.4) (+210) (—215)
P —121.5 —214 —121 —148

° (=119.8) (—160) (—96) (-=117)
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cis-15B trans-15

Figure 10. Isomers of 15 identified by DFT calculations. In the case of cis-15, two
energetically similar rotamers (cis-15 A, cis-15B) were found to be minimum structures.

which compares well with that of Mes*-substituted compound
11. The downfield part was assigned to the Cl-substituted P
nuclei, and the upfield part to the Ter-substituted P nuclei. As
in the case of 11, two possible rotamers of cis-15 with very
similar absolute Gibbs energies (AG,ss=1.6 kJmol™') and a low
rotational barrier (AGj,s=12.1 kJmol™') between them were
identified by DFT calculations. The calculated *'P NMR shifts of
the symmetric isomer 15B were found to be in relatively good
agreement with the experimental values (J..q=88.8,
—11.1 ppm; "J,q=—168 Hz), although the deviations are
somewhat larger than usual, which is most likely due to dy-
namic effects in the experimental spectrum.

Compound trans-15 is characterised by an ABX, pattern. The
Cl-substituted P atoms resonate at 119.8 and 82.2 ppm (Ocycq =
117.9, 81.5 ppm), and the Ter-substituted P atoms at —3.2 ppm
(Ocaica= —29.4 ppm). Apart from the discussed isomers of 15,
the bicyclotetraphosphane TerP,Ter (5¢; O('P)=-1714,
—3239 ppm) as well as the primary phosphanes TerPHCI
(24.1 ppm) and TerPCl, (161.1 ppm)'¥*%% were identified as
side products (<20 mol%) of the isomerisation reaction
(Figure 11).

Unfortunately, isolation of the different products was impos-
sible, most likely due to the cis-trans isomerism of 15, which
led to rather low partial concentrations of the individual spe-
cies. Moreover, the long reaction time of about one month
rendered the reaction infeasible for synthetic use, which is why
no further attempts to increase the scale of the reaction and
thus to isolate one of the species were made.

Conclusion

The simple reaction of Mes*PH, (9) with an excess of PCl; and
NEt; led to the formation of new cyclo-tetraphosphanes,
among which the main product [CIP(u-PMes*)], (11) is a rare
example of a fully characterized all-P equivalent of the well-
studied 2,4-dihalo-cyclo-2,4-dipnicta-1,3-diazanes. However, in
comparison, the lack of electronically stabilizing nitrogen
atoms leads to rather unspecific reaction pathways, which
makes isolation and purification of the products a challenge.

In case of TerPH, (14), rapid H/Cl exchange at phosphorus
led to the formation of the new cyclo-triphosphane
TerP;(Cl)P(Cl)Ter (16), which isomerised to [CIP(u-PTer)], at 75°C
over a period of approximately four weeks.
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Figure 11. Experimental (up) and simulated (down) *'P NMR spectrum of the
isomerisation reaction after 27 d. The starting material 16 (circle) is almost
consumed. Main products are cis-15 (diamond) and trans-15 (star).

Experimental Section
Methods

All manipulations were carried out under oxygen- and moisture-
free conditions under argon by using standard Schlenk or drybox
techniques. Solvents were obtained from commercial sources, puri-
fied, dried and freshly distilled prior to use. Starting materials and
reactants were commercially obtained and purified or synthesised.
For further information, see the Supporting Information.

NMR spectra were obtained on a Bruker AVANCE 300 spectrometer
and were referenced internally to the deuterated solvent (“C:
CD,Cl,, 6,=54.0 ppm), to protic impurities in the deuterated sol-
vent ('H: CD,Cl, O,.¢=>5.31ppm) or externally (*'P: 85% H,PO,
O,es=0 ppm). Absolute signs of *'P-*'P coupling constants were de-
rived from theoretical calculations (see below). IR spectra were re-
corded on a Nicolet 380 FTIR spectrometer with a Smart Orbit ATR
unit at ambient temperature. Raman spectra were recorded on
a LabRAM HR 800 Horiba Jobin YVON Raman spectrometer
equipped with an Olympus BX41 microscope with variable lenses.
The samples were excited by an IR laser (785 nm, 100 mW) or a red
laser (633 nm, 17 mW). All measurements were carried out at ambi-
ent temperature. Elemental analyses were obtained by using
a Thermoquest Flash EA 1112 CHNS analyzer. Melting points (un-
corrected) were determined with a Stanford Research Systems EZ
Melt at a heating rate of 20°Cmin~".

X-ray-quality crystals were selected in Fomblin YR-1800 per-
fluoroether (AlfaAesar) at ambient temperature. The samples were
cooled to 173(2) K during measurement. The data were collected
on a Bruker Apex Kappa Il CCD diffractometer by using graphite-
monochromated Moy, radiation (1=0.71073 A). The structures
were solved by direct methods (SHELXS-97)°" and refined by full-
matrix least-squares procedures (SHELXL-97).5? Semi-empirical ab-
sorption corrections were applied (SADABS).*® All non-hydrogen
atoms were refined anisotropically; hydrogen atoms were included
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in the refinement at calculated positions by using a riding model.
Disordered groups or molecules were split into parts. The occupan-
cy of each part was refined freely. Heavily disordered solvent mole-
cules were removed from the model by using Platon/SQUEEZE,®¥
but were included in the empirical formulae (13-CH,Cl,,
16-0.5Et,0-0.5C¢H,). Detailed crystallographic data of all com-
pounds is given in the Supporting Information.

All computations were carried out with the Gaussian 09 program
package® and the standalone version of NBO 5.9.°4°% The hybrid
DFT functional PBE0®®? and a 6-31G(d,p) basis set’®*’? [notation
PBE0/6-31G(d,p)] were used for all calculations. The structures were
fully optimized and confirmed as minima by frequency analyses.
Calculated frequencies were scaled by 0.9512, which was found to
be a suitable value for this method and basis set.”” Chemical shifts
and coupling constants were derived by the GIAO method.”*"®
The theoretical data were used for subsequent simulation and
fitting of the parameters to the experimental spectra (Supporting
Information).

Synthesis

[CIP(n-PMes*)], (11): PCl; (2.88 g, 20.9 mmol) was added to a solu-
tion of Mes*PH, (557 mg, 2.0 mmol) and NEt; (1.82 g, 18.0 mmol)
in 20 mL of Et,0 at —80°C. The reaction mixture was warmed to
ambient temperature and stirred for 24 h. All volatile components
are removed in vacuo and the residue was extracted with 20 mL of
n-hexane. The suspension was filtered over a Celite-packed frit to
give a clear filtrate. The solvent was evaporated and the remaining
solid dried in vacuo. Recrystallisation from PhF at room tempera-
ture gave 11 as slightly yellow, block-shaped crystals in 30% vyield
(206 mg, 0.3 mmol). M.p. 154°C; elemental analysis (%) calcd

(found): C 63.06 (64.06), H 853 (8.28); *'P{'H} NMR (CD,Cl,,
1215 MHz): 6=-8.1 (t, JC'P*'P)=218 Hz, PMes*), 1313 (t,
JC'PF'P)=218 Hz, PCl); '"HNMR (CD,Cl,, 300.1 MHz): 6=1.29 (s,

9H, p-tBu), 1.40 (s, 18H, o-tBu), 7.28 ppm (m, 2H, m-H); "*C{'H}
NMR (CD,Cl,, 75.5 MHz): 6 =31.5 (s, p-CMes), 34.1 (m, 0-CMe;), 35.2
(s, p-CMe;) 39.6 (s, 0-CMe,), 115.8 (d, "J(*C,*'P)=20.9 Hz, ipso-C),
123.9 (s, m-C), 130.6 (d, 2J(*C,*'P)=7.7 Hz, 0-C), 151.2 ppm (s, p-Q);
IR (ATR, 32 scans,): ¥=2954 (s), 2902 (m), 2864 (m), 2743 (w), 2713
(w), 1592 (m), 1581 (m), 1521 (w), 1493 (m), 1474 (s), 1461 (s), 1441
(m), 1391 (s), 1361 (s), 1278 (w), 1235 (m), 1212 (s), 1178 (m), 1152
(m), 1122 (m), 1064 (m), 1020 (m), 947 (w), 932 (w), 920 (m), 893
(m), 875 (s), 830 (w), 804 (m), 753 (s), 740 (s), 714 (w), 684 (m), 650
(m), 646 (m), 637 (m), 597 (m), 581 (m), 574 (M), 546 (w), 539 cm'
(w); Raman (633 nm, 30's, 4 scans): ¥»=3086 (1), 3067 (2), 2969 (4),
2962 (4), 2922 (4), 2902 (5), 2864 (2), 2781 (1), 2709 (1), 1590 (5),
1579 (3), 1458 (2), 1444 (2), 1384 (2), 1359 (1), 1281 (4), 1239 (2),
1204 (3), 1172 (4), 1151 (2), 1122 (5), 1008 (10), 931 (2), 920 (3), 891
(1), 876 (1), 819 (6), 803 (3), 772 (1), 748 (2), 642 (1), 596 (3), 580 (3),
564 (6), 516 (3), 488 (4), 461 (6), 445 (8), 435 (8), 400 (4), 385 (2),
360 (1), 322 (2), 298 (2), 254 (4), 232 (4), 172 (3), 163 cm ™' (4); MS
(Cl positive, isobutene, I>10%): m/z (%): 685 (47) [M+H]",
649 (100) [M—-ClI*, 627 (19) [M—tBul®, 615 (14), 557 (14)
[M—tBu—Cl,]*, 343 (30) [MesPPCI+H]", 307 (23), 275 (12).

TerP,(Cl)P(Cl)Ter (16): PCl; (2.66 g, 19.4 mmol) was added to a solu-
tion of TerPH, (693 mg, 2.0 mmol) and NEt; (1.84 g, 18.2 mmol) in
20 mL of Et,0 at —80°C. The reaction mixture was warmed to am-
bient temperature and stirred for 18 h. All volatile components
were removed in vacuo and the residue extracted with 20 mL of
benzene. The suspension was filtered over a Celite-packed frit. The
filtrate was concentrated. Addition of 0.5 mL of Et,0 and storage
overnight yielded 16:0.5C4H;:0.5Et,0 as slightly yellow, block-
shaped crystals in 22% yield (190 mg, 0.21 mmol). M.p. 219°C; ele-
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mental analysis (%) calcd (found): C 70.90 (70.57), H 6.51 (6.20);
3'P{"H} NMR (CD,Cl,, 121.5 MHz): 6 =107.6 (m, 1P, P(Cl)Ter), 22.7 (m
1P, PCl), —114.8 (m, 1P, PTer), —121.5ppm (m, 1P, Pg,), see
Table 3; "TH NMR (CD,Cl,, 300.1 MHz): 6=1.15 (t, *J('"H,'H)=7.0 Hz,
1.5H, Et,0), 1.88 (s, 6H, o-Me), 1.90 (s, 6H, o-Me), 1.93 (s, 6H, o-
Me), 1.95 (s, 6H, o-Me), 2.31 (s, 6H, p-Me), 2.32 (s, 6H, p-Me), 3.43
(a, ¥(H,H)=7.0 Hz, 1H, Et,0), 6.85-7.00 (12H, arom. H), 7.33 (m
1H, p-H), 7.35 (s, 3H, C4He), 7.47 ppm (m, 1H, p-H); *C{'"H} NMR
(CD,Cl,, 75.5 MHz): 6=21.2-21.8 (Me), 22.0 (s, Me), 128.8 (s, CH),
128.9 (s, CH), 129.0 (s, CH), 129.5 (d, J(*C,*'P)=3.2 Hz, CH), 129.7 (s,
CH), 130.0 (s, CH), 130.8 (s, CH), 132.2 (s, CH), 136.1 (d, J("*C}*'P)=
46Hz), 137.7-1384, 1474 (d, "J(3C?'P)=188Hz, ipso-Q),
147.8 ppm (d, "J(3C'P)=11.4 Hz, ipso-C); IR (ATR, 32 scans): v=
3088 (w), 3033 (w), 2969 (w), 2941 (w), 2913 (m), 2853 (w), 2729
(w), 1610 (m), 1559 (w), 1478 (m), 1444 (s), 1375 (m), 1299 (w),

[10]

[11]

[12]
[13]

)
1283 (w), 1261 (w), 1243 (w), 1180 (w), 1161 (w), 1110 (w), 1088 (w), 0l
1031 (m), 1014 (m), 974 (w), 934 (w), 885 (w), 847 (s), 805 (s), 775
(w), 748 (s), 739 (m), 719 (m), 676 (s), 589 (w), 575 (w), 557 (w), 548 [15]
(w), 530cm™' (w); Raman (633 nm, 20s, 4 scans): ##=3120 (1),
3060 (3), 3039 (3), 3012 (3), 2945 (2), 2914 (7), 2852 (2), 2727 (1), [16]
1609 (5), 1573 (3), 1563 (3), 1478 (2), 1435 (2), 1379 (4), 1298 (10), 17
1279 (3), 1260 (2), 1239 (1), 1222 (1), 1176 (3), 1160 (2), 1105 (1),
1084 (1), 1033 (8), 997 (2), 988 (6), 941 (2), 848 (1), 801 (1), 735 (5), '8
716 (1), 572 (10), 557 (4), 527 (5), 520 (4), 506 (2), 487 (3), 454 (4),
439 (5), 429 (7), 405 (5), 386 (2), 366 (5), 344 (3), 319 (1), 293 (1), [9]
276 (1), 253 (2), 237 (5), 215 (5), 177 cm™' (1); MS (Cl positive, iso-
butene, I>10%): m/z (%): 821 (100) [M+H]", 785 (56) [M—Cl1™, [20]
751 (95) [IM+H—Cl,]", 441 (35) [M—TerPCl], 379 (11), 375 (14), 343
(23). [21]
Isomerisation of TerP;(Cl)P(Cl)Ter (16): TerP;(CI)P(Cl)Ter (20 mg, 24
umol) was dissolved in 0.5 mL of THF. The solution was degassed 122]
and the atmosphere in the reaction vessel evacuated. The solution [23]
was kept at 75°C over a period of 30d. *'P{'H} NMR (C,Ds,
121.5 MH2): cis-15: 6=126 (t, JC'P*'P)=—200Hz, 2P, PTer), [24]
100.3 ppm (t, 'JC'P'P)=—200 Hz, 2P, PCl); trans-15: 6=—3.2 (dd,  [25]
JCPPP)=—211Hz, 'JC'PP'P)=-212Hz, 2P, PTer), 822 (td,
JC'PP'P)=—211 Hz, JC'P*'P)=—18Hz, 1P, PCl), 119.8 ppm (td,  [26]
JC'P'P)=—212 Hz, YC'P¥'P)=—18 Hz, 1P, PCl); exo,exo-TerP,Ter:
0=-3239 (t, UC'P'P)=—182Hz, 2P, Ppiggenesd —1714 (, 27
JC'P'P)=—182 Hz, 2P, PTer); TerPHCI, =24.1 (s); TerPCl, 6= 28]
161.1 ppm (s).
[29]
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Abstract: The reaction of [CIP(u-PMes*)], (1) with the Lewis
acid GaCl; yielded a hitherto unknown tetraphosphabicyclo-
[1.1.0]butan-2-ium  salt, [Mes*P,(Cl)Mes*][GaCl,] (3-
[GaCl,]), which incorporates a positively charged phosphoni-
um center within its bicyclic P, scaffold. The formation of the
title compound was studied by means of low-temperature
NMR experiments. This led to the identification of an
intermediate cyclotetraphosphenium cation, which was trap-
ped by reaction with dimethylbutadiene (dmb). All of the
compounds were fully characterized by experimental and
computational methods.

Ring systems composed of Group 15 elements (pnictogens,
Pn) are a fascinating aspect of main-group chemistry.!'! In
particular, (pseudo)halogen-substituted cyclic dipnictadia-
zanes (B, Scheme 1) proved to be versatile starting materials
for the synthesis of (transient) compounds with NPn multiple
bonds (for example, A) generated by cycloreversion reac-
tions,*® larger ring systems by subsequent cycloaddition
reactions or ring expansion,**!”l as well as cationic species
which are formed by abstraction of halogen atoms (C)."' !

In this regard, we are currently interested in the reactivity
of analogous ring systems solely based on phosphorus (that is,

R X R @

i N . P
Pn-N. Pn-N_ 4
X R X R

A B c

Scheme 1. A formal equilibrium between monomeric iminopnictanes
(A; Pn=P, As; X= (pseudo)halogen) and cyclodipnictadiazanes

(B; Pn=P, As, Sb, Bi) depending on the steric strain of the substituent
R gives rise to different reaction pathways, including formation of
cyclodipnictadiazenium salts (C; Pn=P, As, Sb, Bi).
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[XP(u-PR)],) to evaluate possible reaction routes to similar,
unprecedented phosphorus species. For example, reports of
cationic phosphorus ring systems include phosphinophospho-
nium frameworks (I-III, Scheme 2),'*?! related cyclic and

\®/ \®/
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/P._.P\ \P/ \Pl
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N, /
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Scheme 2. Structural motifs found in cationic phosphorus ring sys-
tems.

bicyclic polyphosphorus frameworks (V, VI)?! and, in a wider
sense, several cluster cations (IV),**?] as well as bicyclic
systems with cationic substituents.”>?! However, cyclic tetra-
phosphenium cations similar to C have not yet been reported.

Only recently we developed a synthesis for dichloro-
cyclotetraphosphane [CIP(p-PMes*)], (1, Mes* =2,4,6-tri-
tert-butylphenyl),””! enabling us to study the reactivity of
this little-known class of compounds.”**! Our approach
focuses on the selective functionalization of the P, scaffold
by substitution or abstraction of the Cl atoms, which is in
contrast to the widely used method of direct functionalization
of white phosphorus (P,), for example, by use of Lewis acids
and bases, transition metals, or singlet carbenes such as N-
heterocyclic carbenes (NHCs) and cyclic alkylaminocarbenes
(CAACs).F=

Whereas the chemistry of cyclophosphanes with carbon-
or nitrogen-based substituents has been well investigated,
no information about the reactivity of halogen substituted
cyclotetraphosphanes has been reported. Herein, we wish to
present results concerning the reaction of 1 with the Lewis
acid GaCl,.

In analogy to the synthesis of cyclodipnictadiazenium salts
(C), a colorless dichloromethane solution of 1-CHsF was
treated with GaCl; at low temperatures. Instantly, a deep-red
coloration was observed. Insitu *'P NMR spectroscopy
revealed formation of a transient cyclotetraphosphenium
intermediate (2%, Scheme 3), as indicated by a broadened,
significantly downfield-shifted AM,X spin system (358.9,
145.9, 88.6 ppm). The highest partial concentration of the
intermediate was detected directly at the beginning of the
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Scheme 3. Synthesis of [Mes*P,(Cl)Mes*][GaCl,] (3[GaCl,]). The iso-
meric ratio between 3a* and 3b" varies from 1:8 (—=50°C, 3 h) to 3:4
(—80°C, 12 h) depending on the reaction conditions.

reaction (ca. 40 % by mole fraction). Full conversion of 1to 2*
could be confirmed by a trapping reaction (see below).

The resonances were assigned on the basis of computed
NMR data (Supporting Information). The calculated gas-
phase structure of 2 (PBE0/6-31G(d,p)) reveals C; symmetry
and incorporates a P=P double bond (2.05 A; Wiberg bond
index: 1.49; cf. 2.034(2) A in Mes*P=PMes*)"*"l that stabilizes
the positive charge. In agreement with the Lewis formula, the
highest partial charge is therefore found at one of the Mes*-
substituted P atoms (+0.45 ¢), which adopts a nearly planar
coordination environment (Z(%P)=359.9°). Even though
the minimum structure displays four inequivalent P nuclei,
a relatively fast exchange between two enantiomers accounts
for both the observed NMR pattern and the signal broadening
(Figure 1). As the dynamic equilibrium renders both Mes*-

2R,3S8-2*

2S,3R-2*
*

Jh exptl

A
W sim
360 340 320 300 280 260 240 220 200 180 160 140 120 100 80
5 (ppm)

y
i

Figure 1. Experimental and simulated in situ *'P NMR spectrum of the
reaction of 1 and GaCl; (—60°C). The AM,X pattern is caused by

a dynamic equilibrium between two enantiomers of 2* (calculated
structures). Labeled lines/signals are caused by starting material (@)
and other intermediates (x).

substituted P atoms equivalent, a single resonance at the
center of their individual shifts (d.,. =206.5, 48.6 ppm; d,, =
127.6 ppm) is expected. Taking this into consideration, the
calculated and experimental data show reasonable agreement
(Supporting Information, Table S7). Two other intermediates
were observed at temperatures below —20°C, which could not
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be identified unambiguously (Supporting Information, Fig-
ure S1).

The color of the reaction mixture faded slowly to orange/
yellow over a period of one day at low temperatures. After
full conversion of the starting material, two main products
were formed, which were identified as exo—exo and endo—exo
isomers of [Mes*P,(Cl)Mes*]* (3a*, 3b*, Scheme 3) on the
basis of NMR data (85% yield). Intriguingly, the chlorine
atom of the reaction product is connected to one of the Mes*-
substituted P atoms, resulting in the formation of a novel,
bicyclic triphosphinophosphonium framework. According to
DFT calculations, these constitutional isomers of 2", which
are formed after a formal 1,2-Cl shift, are energetically
favored by 46.3 kImol™' (3a") or 45.3kIJmol! (3b") with
respect to intermediate 2° (AG™®).

Addition of n-pentane facilitated crystallization at —80°C
and afforded colorless crystals that were characterized as
CH,Cl,/C,HsF solvate of 3a[GaCl,] (40% yield of isolated
product). The molecular structure was determined by single-
crystal X-ray diffraction (Figure 2). All P—P bond lengths are

Figure 2. Molecular structure of 3a[GaCl,]. Ellipsoids are set at 50%
probability (173 K). Selected bond lengths [A] and angles [°]: P1a—P2a
2.150(2), P1a-Cl1a 2.009(2), P2a-P2a’ 2.244(2), P2a-P3a 2.244(2);
Clla-P1a-P2a 117.65(7), C1-P1A-Cl1a 118.7(2), P2a’-P1a-P2a 62.91(7),
Pla-P2a-P2a’ 58.55(3), P3a-P2a-P2a’ 59.99(3), P1a-P2a-P3a 83.60(6),
P2a'-P3a-P2a 60.02(7); P1a-P2a-P2a’-P3a —101.68(3).5¢

within the range of typical single bonds (cf. Zr,,, =2.22 A)
although the bonds to Pla (2.150(2) A) are somewhat
shortened owing to bond polarization. Similarly, the Pla—
Clla bond (2.009(2) A) is slightly shorter than the sum of
covalent radii (2.10 A).! A distorted tetrahedral coordina-
tion environment is found for P1a, which can be compared to
tetracoordinate P atoms in cyclic phosphinohalophospho-
nium ions or bicyclic TerP,Me-B(C¢Fs); (Ter = 2,6-dimesityl-
phenyl)."™31 All other P atoms exhibit typical trigonal
pyramidal coordination (bond angles 58°-96°). The fold
angle of the butterfly-shaped bicyclic P, scaffold amounts to
101.68(3)°,  which  compares  well to  known
tetraphosphabicyclo[1.1.0]butane frameworks (88.6°-
108.1°).1226:323741 No close contacts are found between
anion and cation. Several attempts to crystallize the endo—
exo isomer 3b[GaCl,], which is actually formed in excess
according to *'P NMR spectra, remained futile.

The solid-state Raman spectrum of 3a[GaCl,] (at —60°C)
shows characteristic bands at 340 cm™' (GaCl, “breathing”
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mode), 485 cm™!' (P, deformation), 513 cm™"' (P,Cl “breath-
ing”), 588 cm ™' (P—C stretching at tricoodinate P), 615 cm™!
(P—Cl stretching), and 633 cm ' (P—C stretching at tetracoor-
dinate P). Upon warming, the sample started to decompose
above 0°C as indicated by decreasing signal intensities
(Supporting Information, Figure S2).

To further investigate the electronic structure of 3a™ and
3b", density functional theory (DFT) calculations were
performed.’” For both isomers, NBO™ analysis revealed
that the positive charge is mostly localized at the phospho-
nium center (P1, +0.76 ¢), but also resides at the tricoordi-
nate Mes* substituted atom (P3, +0.37 ¢). The bridgehead
atoms (P2) are only slightly positive (+ 0.12 ¢), whereas the Cl
atom bears a slightly negative charge (—0.16 ¢). Thus, the
overall charge of the P,Cl scaffold amounts to +1.21 e, or
+1.37 ¢ if only the P, unit is regarded. Comparison with
neutral Mes*P,Mes* (+0.54 e, Supporting Information) or
even dicationic [(Ph;As)P,(AsPhy)]*" (40.12 €) confirms
the unique charge distribution within both isomers of 3*.

In the P NMR spectrum, 3a* and 3b" are characterized
by AMX, patterns (Figure3). A characteristic high

1l
i

o) Ul
WW

A M A M X
C|[ l\‘lles*
p_%_p2 P—5-P2
Mes*” M\F 7/ A Mes Mes* M 7A>c
P P
X X
ali Jl k b * m expt]
A A M X X
" I ' | | sim
80 40 0 -40 -80 -120 -160 -200 -240
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Figure 3. In situ *'P NMR spectrum at 0°C displaying the formation of
3a’ and 3b". Starred lines in the enlarged section are caused by
impurities that are due to incipient decomposition at this temperature.

field shift is observed for the bridgehead atoms (Py;
3a": —214.5ppm; 3b": —226.4 ppm), which compares to
known  tetraphosphabicyclo[1.1.0]butanes  (—220  to
—370 ppm),?>20:32374446] bt s still shifted slightly down-
field owing to the positive charge of the P, scaffold. The
tricoordinate bridging atom (P),) displays a moderate high-
field shift (3a™: —89.5 ppm; 3b": —123.6 ppm) within the
typical range, whereas the tetracoordinate P atom (P,) is
shifted significantly downfield (3a*: +51.2ppm; 3b":
+9.0 ppm), which has not yet been observed for nuclei
within bicyclic P, frameworks. All of the experimental values
are in good agreement with theoretical data (Supporting
Information, Tables S8 and S9).

At ambient temperature, solution NMR spectra indicate
that 3a* and 3b" decompose within hours.*”! One of the
decomposition products was identified as
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[Mes*P(H)(Cl)Bu][GaCl,] (4[GaCl,]; Supporting Informa-
tion). Remarkably, a fBu group is transferred from a Mes*
substituent to the P atom of 4" in the course of this reaction,
which demonstrates the intrinsic lability of 3a” and 3b".
Displacement of tBu groups from Mes* substituents has
previously been observed in the presence of Lewis acids or
under thermal conditions.!®*-1l

In a next series of experiments, we aimed to further
establish the identity of low-temperature intermediate 2*. For
that purpose, 1 was treated with GaCl; in the presence of
dimethylbutadiene (dmb) as trapping reagent.”>> This time,
no red color was observed upon addition of GaCl;. According
to *'P NMR data, the reaction led to quantitative formation of
tetraphosphabicyclo[4.2.0]octenium salt 5[GaCly]
(Scheme 4), which can be regarded as [4+2] cycloaddition

(|3I (I)I CI)I

P GaCly PO dmb A ® Mes*
Mes*—F P—Mes* —> | Mes*—F ,P—Mes” | —> Mes*—F P

P -80°C P ° ©

cl GaCl, GaCl, 7

1 2* 5"

Scheme 4. Synthesis of [Mes*P,(Cl) (C¢H,0) Mes*][GaCl,] (5[GaCl,]).

product of intermediate 2* and dmb. In this vein, the trapping
reaction also proved quantitative conversion of 1 to 2" at low
temperatures.

At ambient temperature, cation 5* is characterized by
four broad signals in the *'P NMR spectrum, indicating
unresolved dynamic effects. Cooling to —80°C revealed
dynamic equilibria between several conformers or rotamers
(Supporting Information, Figure S3). Heating to +80°C
barely improved the resolution of the NMR spectrum and
led to slow decomposition of 57. In the 'H NMR spectrum,
some of the signals are also significantly broadened, which is
most likely due to hindered rotation of some Bu groups.

Crystallization at 5°C yielded colorless crystals of 5-
[GaCl,]-CH,CI, (yield of isolated product after workup: 45 %;
see the Supporting Information). The solid-state structure
was determined by single-crystal X-ray diffraction (Figure 4).

c21 )\

C20
Cc19

C22
Cci

Figure 4. Molecular structure of 57.%% Ellipsoids are set at 50%
probability (173 K). Selected bond lengths [A] and angles [°]: P1-P2
2.195(1), P1-C19 1.846(3), C19-C20 1.514(4), C20-C21 1.334(4), C21—
€22 1.500(4), P2-C22 1.871(3), P4—CI1 2.068(1); P2-P1-P4 91.78(4),
C19-P1-P2 102.3(1), C19-P1-P4 116.1(1); P1-P2-P4-P3 159.03(1).
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The bicyclic system is folded along the P1—P2 and C19—C22
axes (angles between least squares planes: P3-P4-P1-P2/P1-
P2-C22-C19/C22-C19-C20-C21 72.1°/63.2°). The P, ring
system is rather flat (fold angle: 159°), but well within typical
parameters (110°~173°).54%1 P1 sits in a distorted tetrahedral
environment, and the other P atoms exhibit trigonal pyrami-
dal coordination. The P1—P2 bond (2.195(1) A) is slightly
shorter than the other three P—P bonds (av. 2.25 A). The
structural data of the P, ring system correspond to other
known cyclotriphosphinophosphonium ions.'*'®! The Mes*
moiety at P1 is highly distorted owing to Pauli repulsion
between the o-rBu groups and the P,C¢H,, scaffold; the P
atom is bent out of the least-squares plane of the phenyl ring
by 52.1°. No close contacts are found between anion and
cation. As expected, the positive charge is essentially
localized at P1 (40.92 ¢) according to NBO analysis. The
partial charges of the other P atoms are only slightly positive
(av. +0.32 ¢). To exclude the possibility that 5° was formed by
a “reverse” reaction of 3a™ or 3b" with dmb, a solution of
both salts was treated with the latter. This did not lead to the
formation of 5%; in fact, no reaction was observed after two
hours based on *'P NMR data.

In  conclusion, the synthesis of the first
tetraphosphabicyclo[1.1.0]butan-2-ium salt, 3[GaCl,], which
incorporates a positively charged, bicyclic P, scaffold, is
achieved by selective chlorine abstraction starting from
[CIP(u-PMes*)], (1). 3[GaCl,] is temperature-sensitive and
only stable at low temperatures. The formation of 3* was
studied by means of low-temperature NMR experiments. This
led to the discovery of tetraphosphenium intermediate 2",
which could be identified on the basis of DFT calculations.
Moreover, a trapping reaction with dmb could provide
chemical evidence for the identity of 2". Currently, we are
investigating the reactivity of 1 with other Lewis acids and
under different conditions to diversify the product scope.

Keywords: bicyclic compounds - NMR spectroscopy -
phosphorus cations - phosphorus compounds - ring systems
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The reaction of the cyclotetraphosphane [CIP(u-PMes*)], (1, Mes* =
2,4,6-tri-tert-butylphenyl) with Ag[AIORF)4] (RF = CH(CF3),) resulted
in a labile, dinuclear silver complex of 1, which eliminates AgCl
above —30 °C. Its properties were investigated by spectroscopic
methods, single crystal X-ray diffraction and DFT calculations.

Introduction

Ring systems composed of Group 15 elements (pnictogens)
are an intriguing aspect of main group chemistry." Especially,
those comprising a binary N,E, (E = P, As, Sb, Bi) scaffold
represent versatile reagents in pnictogen chemistry.” Metal
complexes of such ring systems were investigated to quite
some extent,””” including studies about their potential appli-
cation in catalysis® and even anti-tumour studies.” Inter-
estingly, despite the indisputable importance of phosphorus
compounds as ligands in catalysis,® the coordination chem-
istry of homologous P, ring systems (cyclotetraphosphanes)
has received much less attention. Examples include mainly
P,R, systems (A, Scheme 1; R = organic substituent) which
coordinate to transition metal fragments such as metal
carbonyls,”* metal halides'* or phosphane substituted metal
complexes.'” The coordination chemistry of unsubstituted P,
scaffolds, on the other hand, is more versatile;'®'” in particu-
lar, there are numerous examples of coordination to P,, which
can adopt either a tetrahedral (B1, B2),'®>> bicyclic (C1,
C2)**7° or rectangular/square planar structure (D1-D3)*"*" in
the complex (Scheme 1). Likewise, the coordination chemistry
of the cyclo-P;~ moiety was well investigated; it found appli-
cation in a variety of syntheses ranging from “simple” molecules
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Low temperature isolation of a dinuclear
silver complex of the cyclotetraphosphane
[CIP(pu-PMes*)],+

Jonas Bresien,? Axel Schulz**® and Alexander Villinger®

such as Cp*FeP; (Cp* = pentamethylcyclopentadiene)®*** to

chain-like poly-cations®*** or spherical macromolecules.>*°
substituted unsubstituted
M
M | M
l P P
R’P\/P\R /\ / / P. P
\ / p—\—P p—\—P M~ 1 M
R-p~p-R N7
P*P ~p7 ~p7 P\—P
A" B1(n") B2 (n?) c1m
N AN
M
e/ p P//F‘,\P_/P P’/PP_’P P/PP_’P
M7\ M \/ N // //
p=p M M
c2(m? ") D1 (n*) D2 (n%) D3 (n?)

Scheme 1 Common coordination patterns of various P, scaffolds.

Results and discussion

Pursuing our interest in the chemistry of the recently reported
cyclotetraphosphane [CIP(u-PMes*)], (1),*° we explored its reac-
tivity towards silver salts of the weakly coordinating anions
[AI(ORF),]” (RF = CH(CF3),) and [B(CgFs)4].*"** Taking advan-
tage of the bulky, weakly coordinating anion and naked Ag' ion
- in terms of both stabilization and halide abstraction abilities
- we hoped to find access to the dark red cyclotetraphosphe-
nium ion [CIP(u-PMes*),P]" (2'), which had previously been
observed as an intermediate during the reaction of 1 and the
Lewis acid GaCl; (Scheme 2, top).”* However, when mixing
Ag[AI(OR"),] (4) and 1 in a 1:1 ratio in CH,CI, at low tempera-
tures, no precipitation of AgCl was observed. Instead, crystalliza-
tion at —80 °C afforded colourless crystals that were identified
as CH,Cl, solvate of a dimeric silver complex of 1 (5[Al(OR"),],,
Scheme 2, bottom; yield of isolated substance: 28%).

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Top: the reaction of cyclophosphane 1 with GaCls led to the
formation of the intermediate 2*. Bottom: the reaction of 1 and 4 at low
temperatures yielded the dinuclear silver complex 5%* (R = Mes*).

Molecular structure

Most interestingly, both chlorine atoms remained at the P,
scaffold; nonetheless two rather long Ag---Cl contacts were
observed, which are shorter than the sum of van der Waals
radii (Ag1-CI2A 3.496(1) A, Ag1-CI2A’ 3.641(2) A; ¢f. Yraw =
4.35 A)** as revealed by single crystal X-ray diffraction (Fig. 1).
The P-Ag bond lengths (P1A-Ag1 2.394(2) A, P3a-Ag1’ 2.391(2) A)
compare well to the sum of the covalent radii (2.39 A),*’
whereas the Ag-Ag distance (3.0511(7) A) lies between the sum
of the covalent (2.56 A)*® and van der Waals radii (5.06 A).**
The silver atoms are almost linearly coordinated (177.52(5)°)
and lie in a perfect plane with the Mes* substituted P atoms.
Strikingly, the configuration at P2 is inverted in comparison
with the starting material, where both chlorine atoms are
arranged in an equatorial position with respect to the P, ring
system. The dinuclear silver complex is nicely shielded by all

Fig. 1 Molecular structure of 52*. Ellipsoids are set at 50% probability
(173 K). The cation is situated on a crystallographic inversion centre and
thus displays C; symmetry. Selected bond lengths [A] and angles [°]:
Pla—Agl 2.394(2), Pla—P2a 2.235(2), Pla—P4a 2.242(2), P2a—-Clla 2.059(2),
P2a-P3a 2.232(2), P3a-Agl’ 2.391(2), P3a—-P4a 2.252(2), P4a-Cl2a
2.069(2), Agl-Agl 3.0511(7), P3a'-Agl-Pla 177.52(5), Pla—Agl-Agl’
90.68(4), P3a'-~Agl-Agl’' 87.24(4).

This journal is © The Royal Society of Chemistry 2016
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four Mes* substituents: the Ag atoms and the equatorial Cl
atoms (CI2A, CI2A") are protected by the ortho-tBu groups,
while the axial Cl atoms (Cl14, Cl1A") are sandwiched between
the phenyl rings (Fig. S1, ESIt). A similar coordination pattern
was previously observed in [(Cy,P,),Sb,CL,]** (Cy = cyclohexyl),
where a planar Sb,Cl, scaffold is coordinated by two Cy,P,
rings.*® To the best of our knowledge, it is the only other
example of a dinuclear metal complex capped by two P, ring
systems.

Spectroscopic characterization

The low temperature *'P NMR spectrum (—60 ©°C) of
5[Al(OR"),], showed a complex AA'BBMM'M"M"'XX’' spin
system (Fig. 2). The A and B part were assigned to the inequi-
valent Cl substituted P atoms (axially substituted: 126.9 ppm,
equatorially substituted: 122.1 ppm), the M part to the Mes*
substituted P atoms (16.8 ppm) and the X part to the Ag
nuclei. The J(*'"P-*'P) coupling constants amount to —205
(Yam) and —248 Hz (Ypy); the YJ('P-'"7Ag) coupling is
—468 Hz (/ux), which compares to reported (unsigned) coupl-
ing constants of other two-coordinate complexes such as
[(PhsP),Ag]" (552 Hz) or [(p-Tol;P),Ag]" (496 Hz)."”*® Due to
the complex multiplet structure and generally low solubility of
5[Al(OR"),],, the signal to noise ratio of the NMR spectrum
was rather poor, which is why only the large 'J coupling con-
stants could be determined unambiguously, while all smaller
coupling constants have higher uncertainties. Nonetheless,
the experimental data agree well with calculated NMR shifts
and coupling constants (Table S31).

In the solid state Raman spectrum (at —60 °C), character-
istic bands of the [P,Ag], fragment are observed at 464 cm™"
(P-P stretching within the P, scaffold), 493 cm™" (P-Cl stretch-
ing) and 514 em™" (P-C stretching). Further intense signals in
the Raman spectrum can be attributed to the Mes* moieties
(e.g. 563, 603 cm ': tBu deformation; 739 cm™': phenyl ring
deformation; 1007, 1018 ecm™*: Me deformation; 1130 cm™%:
combination of ring and CH deformation; 1582 cm™': ring
stretching; 2900-3000 cm™': CH stretching of Me groups) and
the [AI(OR"),]” anion (eg 563 cm™: CF deformation;

—
2P pg—F P

g e Mk ¢l

120 100 80 60 40 20
Chemical shift [ppm]

Fig. 2 Experimental (up) and simulated (down) *'P NMR spectrum of
5%*, Starred lines are due to slow elimination of AgCl even at low
temperatures.
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746 cm™': symmetrical AlO, stretching; 818 cm™': combination
of deformation at O and CF,; 1364, 1386 cm™': CH defor-
mation; 2873 em™': CH stretching). The assignments of the
signals were made on the basis of computed vibrational data.

Computational study

To further investigate the bonding situation in 5%, density
functional theory (DFT) calculations were performed.{ Accord-
ing to NBO analysis,*® there is no significant bonding inter-
action between the two Ag atoms, as already indicated by the
nearly linear coordination of the Ag centres. Furthermore,
both Wiberg bond index (0.31) and natural bond index (0.56)
indicate a low covalent character of the Ag-P bonds; accord-
ingly, the natural Lewis representation comprises two distin-
guished Ag" cations and two neutral cyclophosphane moieties.
Second order perturbation analysis reveals two stabilizing
interactions per Ag' cation between the empty s-orbital and
the lone pairs (LPs) of the flanking P atoms (346.2 k] mol™"
each), which is consistent with a classical dative bond from
P to Ag (Fig. 3). The natural partial charge of each Ag centre is
+0.59¢, while each of the four coordinating P atoms bears a
charge of +0.17e. Hence, the formal charge transfer amounts
to —0.41e per Ag' ion.

Intramolecular elimination of AgCl

When the reaction mixture of the cyclophosphane 1 and the
silver salt 4 was allowed to warm to temperatures above
—30 °C, precipitation of a white solid was observed, indicating
elimination of AgCl. In situ *'P NMR spectroscopy revealed
that the intermediately formed silver complex 5" decomposed
above that temperature (Fig. S37), yielding the bicyclic cation
[Mes*P,(Cl)Mes*]" (3", Scheme 3), which had previously been
obtained by reacting 1 with GaCl; (Scheme 2, top).** The same
reaction outcome was observed when warming a solution of
pure 5[Al(ORF),],. In this respect, 5[Al(OR"),], can be viewed as
an isolable intermediate, which demonstrates that the eventual
AgCl elimination does not occur via direct attack of a silver

NBO
LP(P)

NLMO
0.93 sp(P) + 0.33 s(Ag)

HOMO HOMO-8

Fig. 3 Left: molecular orbitals (MOs) of 52*. The HOMO shows contri-
butions to the LPs at the coordinating P atoms, the HOMO-8 encom-
passes the LPs at Cl and the other P atoms as well as bonding within the
P4 ring systems. Right: natural bond orbital (NBO) representation of a LP
at phosphorus and the corresponding natural localized molecular orbital
(NLMO), which consists mainly of a formal sp hybrid orbital at P (86%)
and an s orbital at Ag (11%), thus illustrating the bonding between these
two centres.
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Scheme 3 Above —30 °C, the silver complex 52" eliminates AgCl,
which leads to the formation of the bicyclic phosphino—phosphonium
cation 3*.

ion, but rather via complexation and a subsequent intra-
molecular elimination reaction.

Interestingly, when treating 1 with Ag[B(CeFs)s] (6) under
the same reaction conditions, precipitation of AgCl was
observed even at —80 °C, leading once more to the formation
of 3%, as indicated by *'P NMR spectroscopy. However, an
intermediate similar to the cyclotetraphosphenium cation 2"
could not be observed in any of these reactions.

Conclusions

In conclusion, we present a thermally labile dinuclear silver
complex capped by two P, ring systems, which eliminates AgCl
at temperatures above —30 °C. Thus it can be considered an
intermediate of the chloride abstraction from [CIP(p-PMes*)],,
demonstrating that the reaction occurs via an intramolecular
rather than an intermolecular process.
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Abstract: The reaction of the functionalized cyclo-tetra-
phosphane [CIP(u-PMes*)], (Mes* = 2,4,6-tri-tert-butylphen-
yl) with different Lewis bases led to the formation of an
unprecedented tricyclic hexaphosphane, Mes*P;Mes*. The
formation of this compound was investigated by spectro-
scopic and theoretical methods, revealing an unusual ring
expansion reaction. The title compound was fully charac-
terized by experimental and computational methods.

-

Phosphorus has fascinated chemists since its discovery by Hen-
ning Brand in 1669." Especially since the development of
modern day chemistry, various modifications of phosphorus
have been identified,”® and countless polyphosphorus sys-
tems with (organic) substituents have been reported that in-
corporate a plethora of different structural motifs.> The most
prominent ones are possibly monocyclic ring systems with
three to six phosphorus atoms, bicyclic tetra- or pentaphos-
phanes, derivatives of the heptaphosphatriide anion, as well as
higher aggregates which resemble strands of violet phospho-
rus. Moreover, with the development of computational meth-
ods, a broad range of hypothetical P clusters was studied to
identify possible minima on the potential energy surface.’"

However, examples of polycyclic hexaphosphanes are still
rare. Baudler and co-workers reported on (tBu),Ps (1,
Scheme 1) and the related oxide (tBu),P,O (2), which were de-
rived from tBuPCl, and PCl; by reduction with Mg and subse-
quent oxidation by exposure to air'"*' As reported by the
group of Jutzi, thermolysis of (Cp*P); yielded the structurally
related bicyclic hexaphosphane Cp*,P¢ (3, Cp* =pentamethyl-
cyclopentadienyl) as well as the tricyclic hexaphosphane
Cp*,P¢ (4), which incorporates a benzvalene type Py scaffold
(A).'*' Weigand and co-workers reported on the cationic
compound [Ph,P,*" (5), which can formally be derived from
the prismane type structure (B) of P.."® Additionally, a salt con-
taining a bicyclic hexastibine scaffold similar to 1 and 3 was re-
ported recently.”™
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Pp’ Pp’ P-p’ “tBu
\ \ \
1 t-Bu 2a t-Bu 2b t-Bu
Cp* *Cp. .Cp Ph Ph
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-P, P/P P\P Ph—l:’| PsPh
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0 12.6 70.3 745 98.3 134.7

Scheme 1. Top: Experimental examples of polycyclic hexaphosphanes.
Bottom: Computed minimum structures on the potential energy surface of
neutral P (relative energies given in kJmol™").0"¥)

Theoretical investigations revealed that the benzvalene type
structure (A) of neutral Py is the most favorable isomer in the
gas phase.”*' Nonetheless, other structures (B-F) were iden-
tified as local minima (Scheme 1),"¥ which present desirable
new structural motives in phosphorus chemistry. To date, no
tricyclic hexaphosphanes that incorporate a Py scaffold of type
C have been reported.”” Therefore, we wish to present herein
our results concerning the synthesis of the tricyclic hexaphos-
phane Mes*P;Mes* (6, Mes* =2,4,6-tri-tert-butylphenyl), which
was derived from a P, precursor by an unusual ring expansion
reaction (Scheme 2).

cl %
II’ dmap p' map P P,
R-P, P-R —» | R-P{i  ¢|©| —» % R"\F I',\ R
P R —RPCl, p-P-P
CIII ,P—R —dmap
7 Cl 8" 6

Scheme 2. Synthesis of the tricyclic hexaphosphane 6 (R =Mes¥).

Recently, we reported on the synthesis of the cyclophos-
phane [CIP(u-PMes®)], (7),%" which allows for selective func-
tionalization of the P, ring system due to the chlorine substitu-
ents. Cyclophosphane 7 was synthesized from Mes*PH, and
PCl; in the presence of NEts; thus, it can be regarded as a P,
building block that was derived from P, units, as opposed to
the commonly applied strategy to functionalize white phos-
phorus (P,) directly using Lewis acids, (transition) metals, or
singlet carbenes.”>>*! After investigating the reactivity of 7 to-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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wards Lewis acids,*® we aimed at nucleophilic substitution of
the Cl atoms at the P, scaffold. Since 4-(N,N-dimethylamino)-
pyridine (dmap) had previously been proven to be a good nu-
cleophile and can effectively stabilize positive charges,””* the
reaction of 7 with dmap was investigated. In analogy to the re-
action of [TfOP(u-NDmp)], (Dmp =2,6-dimethylphenyl) with
dmap (Scheme 3),?® the formation of a base-stabilized cyclo-

QTf @climap @tlzlmap
P dmap P dmap P
R-N, N-R —» R-N_ N-R —>» R-N__ N-R
I? - OTf- II’ - OTf- I‘;'
oTf OTf @®@dmap

Scheme 3. Reaction of a cyclodiphosphadiazane with dmap (R=Dmp).*®

phosphenium cation could be expected. In fact, in situ
3P NMR spectroscopy revealed the formation of a P, species as
indicated by an ABMX spin system (—99.3, —91.2, +9.7, and
+79.3 ppm); however, the chemical shifts were indicative of
a species containing a three- rather than a four-membered
ring system (Figure 1).2"3% Comprehensive DFT studies helped

B A

80 60 40 20 O 20 -40 Chemical Shift (ppm)

Figure 1. In situ *'P NMR spectrum of the reaction mixture after 5 h. The
main signals were attributed to the intermediate 8" (* denotes other spe-
cies in solution).

us assign the NMR signals to the intermediate
[Mes*P5(dmap)P(C)Mes*1Cl  (8Cl, Scheme 2). The calculated
NMR data agrees well with the experimental spectrum
(Table S3, Supporting Information). With respect to the starting
material, the formation of 8" can be understood in terms of
a formal 1,2-Cl shift and rearrangement of one P—P bond.

Other signals in the in situ NMR spectrum were likely caused
by different (configurational or rotational) isomers of 8*. How-
ever, due to low intensity of the resonances, these could not
be assigned unambiguously.

All attempts to crystallize the intermediate 8Cl failed. In-
stead, colorless crystals of the novel tricyclic hexaphosphane 6
were obtained (yield: 58%). According to *'P NMR spectrosco-
py, compound 6 and Mes*PCl, were in fact the only products
after a total reaction time of about two days. Based on NMR in-
tegrals, the ratio of Mes*PCl, and 6 was found to be 2:1; thus,
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the formation of 6 can be rationalized in terms of formal
Mes*PCl, extrusion and subsequent dimerization of the three-
membered ring system. Comparable three-membered inter-
mediates have been discussed previously in P, activation
routes.?337

The molecular structure of the tricyclic hexaphosphane 6
was determined by single-crystal X-ray diffraction (Figure 2).5?

Figure 2. Molecular structure of 6. Ellipsoids are set at 50% probability
(123 K). Selected bond lengths [A] and angles [°]: P1-C1 1.876(1), P1-P2
2.2189(5), P1-P3 2.2151(5), P2—P3 2.2373(5), P2—P3’ 2.2368(5); P3-P1-P2
60.61(2), P1-P2-P3 59.61(2), P1-P3-P2 59.78(2), P1-P2-P3’ 92.87(2), P2'-P3-P2
90.01(2); P1-P2-P3-P2’ 93.33(2).

The molecule is located on a crystallographic inversion center,
hence the central P, ring system is perfectly planar. All bond
angles within the four-membered ring system are close to 90°,
the bond angles within the three-membered rings are close to
60°. The six-membered ring molecule adopts a chair conforma-
tion with two transannular P—P bonds. The P1-P2 and P1-P3
bonds are slightly shorter (average 2.217 A) than the P2-P3
and P2—P3’ bonds (average 2.237 A). Therefore, the central P,
scaffold adopts an almost square geometry, while the three-
membered rings correspond to isosceles triangles. All P—P
bond lengths correspond to typical single bonds (Zr.,=
2.22 A).B¥ The angle between the least-squares planes of the
three- and four-membered ring systems is 93.3°, which com-
pares to to those of other polycyclic phosphanes, such as bicy-
clic tetraphosphanes (~ 100°)?%343¢ or the aforementioned bi-
cyclic hexaphosphanes 1 and 3 (89.8° and 99.2°, respective-
|y).[14,17]

In the solid-state Raman spectrum, the Py scaffold can be
identified by three characteristic bands at 414, 442, and
537 cm™', which were assigned on the basis of computed vi-
brational data (Table 1, for more details see Figure S5 in the
Supporting Information)

In the *'P NMR spectrum, the tricyclic hexaphosphane 6 is
characterized by an AA’BB'B”"B”" spin system (—107.7 and
—96.1 ppm; Figure 3). Due to dynamic rotation of the tBu
groups in solution, all four P atoms of the central P, scaffold
become equivalent, resulting in apparent C,, symmetry. The
chemical shifts are similar to the NMR shifts of the P; unit of
the structurally related compounds 1 and 3,/'” but also com-
parable to either cyclotriphosphanes®*® or the bridging P
atoms in bicyclic tetraphosphanes.”?**% The experimental
NMR data are in good agreement with calculated NMR shifts
and coupling constants (Table 2).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
Rerf Europe
Table 1. Characteristic Raman vibrations of 6.
Vibration Main Frequency
mode (@ =P) contribution [em™"]
|{1-phase Py 537
ring mode
qut—of»phase P, 442
ring mode
qut—of»phase P 414
ring mode

Chemical Shift (ppm)

90 92 94 9% 98 -100 -102 -104 -106

Figure 3. Experimental (top) and simulated (bottom) *'P NMR spectrum of 6.

Table 2. *'P NMR data of 6. Calculated values [PBE0/6-31G(d,p), GIAO
method] are given in brackets.

o [ppm] J [Hz]
Pa —107.7 (=126.2)  Jyp=—45 (—56)
Py —96.1 (—88.8) Jg=Jag=—191 (=158)  Jgp=—111 (=78)

I =Jngr= +54 (+35)  Jgg=—146 (~90

Jggr=—30 (—45)

To investigate the bonding situation within the P, scaffold,
DFT calculations were performed.*” As expected, natural bond
orbital (NBO)®¥ analysis revealed eight P—P single bonds, of
which six are considerably bent out of the line of nuclear cen-
ters due to the small bonding angles within the three-mem-
bered rings. This effect is also reflected in the symmetry and
shape of the Kohn-Sham orbitals and can be nicely visualized
by the electron localization function (ELF, Figure 4), where the
local maxima are located beside the bond axes. Hence, the
bonding within the P; units is comparable to that of tetrahe-
dral P,.”¥ To evaluate the stability of compound 6, the corre-
sponding cis-tricycle, which can formally be derived from the
prismane-type structure (B) of P, as well as the benzvalene
type isomer (A) were calculated (Figure 5). These were found
to be 40.2 or 72.6 kimol™" higher in energy (AG,g) than the
experimental structure, respectively. However, in case of the
smaller Cp* compound (4) or tBu substituents (9), the benzva-
lene type isomers (A) were found to be the most stable ones,
in accordance with the findings for neutral Ps and experimen-

Chem. Eur. J. 2015, 21, 18543 - 18546 www.chemeurj.org
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1.00

0.50

0.00

Figure 4. Depiction of the electron localization function, showing the P—P
bonding system and the lone pairs at the P atoms; left: three-membered
ring plane; right: four-membered ring plane.

Mes* . .Mes* N N
P-R s rRAPPPR o
6A P-p-P 59.5 P-P 710
72.6 /
: b b
o o ac RT\PR q
6B Mes \~?—,>/ “Mes* 17.2 P—P-p- 28.7
40.2 P-P
R. .R
4A P—P\ 9A
p.o /
6C Mes*” \,’ ?\ . 0.0 PiP,P 0.0
0.0 P—P-p-Mes R=Cp* p’  R=tBu

Figure 5. Relative stabilities of R,P; isomers (AG,gs in kJmol™).

tal evidence."™ Thus, the unusual tricyclic structure of type C is
stabilized by the bulky Mes* moiety.

The tricyclic hexaphosphane 6 is poorly soluble in common
organic solvents. It decomposes at 212°C under inert condi-
tions. Intriguingly, it was found to be stable in air. Even upon
adding water to solution of 6 in CD,Cl,, 60% of the substance
(by mole fraction) remained intact over a period of ten days at
ambient temperature. This prompted us to develop an alter-
nate synthetic protocol: starting from Mes*PH, and PCl;, the
precursor 7 was generated in situ by base-assisted HCl elimina-
tion. After removal of the hydrochloride, the crude product
was treated with dmap without further purification. This led to
precipitation of the tricyclic hexaphosphane, which was subse-
quently washed with water and acetone to remove all polar
and nonpolar impurities. In this vein, compound 6 could be
synthesized in 47 % yield (based on Mes*PH,), which is a signifi-
cant improvement over the synthesis from pure 7 (combined
yield based on Mes*PH,: 26 %).

When treating the cyclophosphane 7 with other Lewis
bases, such as PPh; or tetramethylethylenediamine (TMEDA),
practically no reaction was observed. Slow consumption of the
starting material could only be detected after prolonged stir-
ring, and a mixture of different products was observed in the
3P NMR spectrum. In the case of PPh,, trace amounts of 6
were identified in the NMR spectrum after nine days. On the
other hand, the reaction of 7 with tetramethylimidazolylidene
led to degradation of the P, ring system; the main products
were identified as the endo-exo isomer of the bicyclic phos-
phane Mes*P,Mes*, the diphosphene Mes*PPMes*, and the pri-
mary phosphane Mes*PCl, (5:1:7 ratio)."” Accordingly, the un-
usual reactivity of the cyclophosphane 7 towards dmap cannot
be generalized to other Lewis basic systems.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In conclusion, the first [3.1.0.0**]-tricyclic hexaphosphane,
Mes*PsMes* (6), could be prepared starting from a P, precursor
molecule by formal ring expansion. Due to its symmetry, com-
pound 6 displayed an unusual AA'BB'B"B"’ spin system in the
3P NMR spectrum. The Pg scaffold could be well discerned in
the solid-state Raman spectrum due to three characteristic
bands. Furthermore, DFT calculations showed that the structur-
al motif is stabilized by the bulky Mes* substituents; in case of
smaller moieties, such as Cp* or tBu, a benzvalene type struc-
ture of the Py scaffold is preferred. This demonstrates the ad-
vantages of bulky substituents for the stabilization of unusual
bonding patterns.

Experimental Section

All manipulations were carried out under an inert atmosphere of
argon. A mixture of [{CIP(u-PMes*)},] (350 mg, 0.51 mmol) and 4-
(N,N-dimethylamino)pyridine (dmap, 69 mg, 0.56 mmol) was dis-
solved in CH,Cl, (3 mL) and stirred at ambient temperature for
2.5 days. Subsequently, the solution was slowly cooled to 5°C,
whereupon crystallization of colorless crystals was observed. The
yellowish supernatant was removed by syringe and the crystals
were washed with cold CH,Cl, (0.5 mL) to remove adhering impuri-
ties. Drying in vacuo vyielded a colorless product (100 mg,
0.15 mmol, 58%): m.p. 212°C (decomposition); elemental analysis
calcd (%) : C 63.90, H 8.64; found: C 63.75, H 8.82; *'P{"H} NMR
(CD,Cl, 1215MHz): 6=-107.7 (m, Jyy=—1913Hz, 2py=+
543 Hz, *Jyu=—448Hz, 2 P, (Mes*P)P,), —96.1 (m, 'Jy=
—1913Hz, 'Jyg=—1105Hz, "Jpg=—146.1Hz, 2Jyg-=—29.7 Hz,
)3 = +543 Hz, 4 P, (Mes*P),P,); MS (Cl positive, iso-butane): m/z
(%): 677 [M]1". Further experimental details can be found in the
Supporting Information.
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Different reactions of Mes* substituted phosphanes (Mes* = 2,4,6-tri-tert-butylphenyl) led to the for-
mation of the bicyclic tetraphosphane Mes*P,Mes* (5) and its unknown Lewis acid adduct 5-GaCls. In this
context, the endo—exo isomer of 5 was fully characterized for the first time. The synthesis was achieved
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interconversion between the exo—exo and endo—exo isomer were studied by 51p NMR spectroscopy. All
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Introduction

Ring systems composed of group 15 elements (pnictogens, Pn)
are an intriguing and widely investigated aspect of main group
chemistry."® Within this field of research, the chemistry of
phosphorus based ring systems has become an important
branch of inorganic chemistry,”* especially in view of the fact
that various phosphorus ring systems can be obtained by
direct activation of white phosphorus.®® A lot of work has
been carried out to improve the selectivity of these activation
processes, involving functionalization of P, by Lewis acids and
bases, (transition) metals, radicals, or singlet carbenes such as
N-heterocyclic carbenes (NHCs) or cyclic alkylaminocarbenes
(CAACs).” 2

Among a plethora of structural motifs found in phosphorus
ring systems, the simple tetraphosphabicyclo[1.1.0]butane
scaffold (A, Scheme 1) is of special interest. Firstly, it can for-
mally be derived from tetrahedral P, by “simple” cleavage of
one PP bond. Secondly, and more importantly, tetraphosphabi-
cyclo[1.1.0]butanes were indeed obtained by P, activation, thus
representing worthwhile target molecules in phosphorus
chemistry.

The first tetraphosphabicyclo[1.1.0]butane, (Me;Si),N-P,—
N(SiMej3), (1a, 1b, Scheme 2), was synthesized by the group of

“Institut fiir Chemie, Universitit Rostock, Albert-Einstein-Strafle 3a, D-18059
Rostock, Germany. E-mail: axel.schulz@uni-rostock.de

bLeibniz-Institut fiir Katalyse e.V. an der Universitdt Rostock, Albert-Einstein-Strafie
29a, D-18059 Rostock, Germany

tElectronic supplementary information (ESI) available: Experimental and
computational details, crystallographic spectroscopic data. CCDC
1413820-1413827. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5dt02757h

and
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P.

/X P—p-P
P\”L?P - \E/
A

Scheme 1 Breaking one of the PP bonds in tetrahedral P, formally
yields the tetraphosphabicylco[1.1.0]butane scaffold (A).

Niecke in 1982."* It was derived from P, building blocks utiliz-
ing PP coupling reactions. In the following years, some more
examples emerged that were derived from P, or P; units, as
reported by Cowley (2),"* Schmidpeter (3)," Jutzi (4-6),"°"°
Weber (5a),>° and Romanenko (5a).>' However, the majority of
bicyclic tetraphosphanes was synthesized by P, activation, the
first example being exo-exo-Mes*P,Mes* (5a, Mes* = 2,4,6-tri-
tert-butylphenyl), which was reported by Fluck and co-workers
in 1985.”>>* Improvement of P, activation methods led to
various other bicyclic P, species, which can be categorized by
the aforementioned types of P, activation (Scheme 2); impor-
tant contributions were made by the groups of Baudler (7,
8),>**> power (9-10),>**” Krossing (11),>® Weigand (12-15)>*°
Tamm (16),>" Roesky and Stalke (17),** Lappert (18),>* Masuda
(19),>* Scheer (20, 21),'° Karaghiosoff (22),> Lammertsma
(23-25)," and Jones (26).°° Additionally, various examples of
transition metal complexes that incorporate bicyclic P,
scaffolds were reported.'"*”~** In contrast, very few examples
of self-assembly reactions exist (i.e. the bicyclic P, scaffold is
built from P; building blocks in a single reaction); literature
reports include Wiberg’s (¢-Bu);Si-P4-Si(¢-Bu); (27)* and Wei-
gand’s [PhyPn-P,~PnPh;]*" (28, Pn = P, As).** Just recently, we
reported on the cation [Mes*P,(Cl)Mes*]" (29),*> which in
itself was not derived by a self-assembly reaction, but its cyclic
P, precursor was.*

This journal is © The Royal Society of Chemistry 2016
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1a: R' = R? = N(SiMej3), 1b: R'=R? = N(SiMe3), 10: R'=1t-Bu, M = Ga(t-Bu),, 23-B(CgFs)3: R' = Me, P
2. R'=R?=C(SiMes)s 5b: R'=R?= Mes* LA = Ga(t-Bu)z R2 = Ter, LA = B(CgFs)3 11: R'=R2=8r, |
3: R'=R2=CAr%(PPhj) 9b: R'=R?=Ter 24: R' = Mes*, M = Li, R 12:R1 R2=Ph
4. R'=R?=Cp* 23: R'=Me, R2=Ter LA = B(CgFs)3 ®p__ p 13: R" = Dipp, R?=Cl
5a: R!=R?= Mes* » 25: R'=Ter, M=, rRN\K / "R
7. R'=H,R?=Li,Na K ||= 5 & LA =B(CeFs)s RK\R
8 R'=H,R%=SnR, Ni7 NHe 29a: R' =Cl, R?=R®=Mes" A
9a: R'=R2 = Ter P NHg/Pi*T?P\ﬁHC 29b: R' = R3= Mes* R2=Cl i \P
17: R'=R2=SnAr 15: R = P(CI)Dipp, P N7
18: R' = R? = P(N(SiMe3)y), NHC = C3CI,N,(Dipp),  26: NHC = C4HgNy(Dipp), ; ] 5
19: R" = R? = P[Ny(Dipp),CoHa] Ry A 14a: KR = [(DippN).PCl]
20: R'=R2=CpB® LA/P\ﬁjP\NHc o o oo ;P_RP 14b: R R = [(DippN),P]*
21: R'=R2=Cp" P PnPhy” \\T;7 “PnPhy N7
22: R'=R2=§5", Se", Te” 16: LA = B(CgFs)3, P P LA/LB radicals
27: R'=R2=Si(t-Bu); * NHC = C3H,Ny(t-Bu), 28: Pn=P,As % 6: R'=Cp* metals carbenes

Scheme 2 Overview of known bicyclic tetraphosphane species (not including transition metal complexes). Most were synthesized by direct acti-
vation of P, using Lewis acids and bases (blue), metals or metal fragments (green), radical species (red) or singlet carbenes (violet). The rest was
derived from other precursors, mainly P, and P, building blocks. Species indicated by a star were derived directly from P; building blocks in a self-

assembly reaction. Ar®!

= 2,6-dichlorophenyl; ArN = CgH3z-2,6-(C(NDipp)CHs),; Cp = cyclopentadienyl; Cp* = pentamethyl-Cp; Cp"™ = 2,3,5-tri-tert-

butyl-Cp; Cp®'® = pentakis(4-n-butylphenyl)-Cp; Dipp = 2,6-diisopropylphenyl; SnRs = SnMes, SnPhs, Sn(c-Hex)s or Sn(o-Tol)s; Ter = 2,6-dimesityl-
phenyl; Ter' = 2,6-bis(diisopropylphenyl)phenyl; LA = Lewis acid, LB = Lewis Base, NHC = N-heterocyclic carbene.

Interestingly, exo-exo-substituted tetraphosphabicyclo-
[1.1.0]butanes are considerably more common than their
endo-exo-substituted counterparts, indicating that the latter
are energetically less favoured. We therefore took interest in
the synthesis and characterization of rare endo-exo-substituted
derivatives, which could be synthesized from P;, P, and P,
building blocks and were analysed by experimental and com-
putational methods.

Results and discussion
Synthesis and characterization of endo-exo-Mes*P,Mes* (5b)

During our research in functionalized cyclo-tetraphosphanes,*®
we came across a publication of Romanenko et al.,>* wherein
the authors described the synthesis of exo-exo-Mes*P,Mes*
(5a) and the asymmetrically substituted bicyclic system
Mes*P,N(i-Pr), by reacting the diphosphene Mes*PPN(i-Pr),
(30) with equimolar amounts of HOTf (Tf = SO,CF3). Intrigued
by this curious method to synthesize bicyclic tetraphosphanes,
we tried to reproduce the experiment described in the publi-
cation. However, fractional crystallization of the product
mixture did not yield the reported compound Mes*P,N(i-Pr),,
but rather endo-exo-Mes*P,Mes* (5b, Scheme 3), alongside the
known product 5a and minor amounts of the diphosphene
Mes*PPMes* (31).”*® Probably the available NMR and MS
data were misinterpreted in the original publication. Com-
pound 5b was now fully characterized for the first time, includ-
ing NMR, Raman and IR spectroscopy, mass spectrometry,
and single crystal X-ray diffraction.

This journal is © The Royal Society of Chemistry 2016

Mes*
HOTf P—p-P
NP7 P~ S Mes*
SN(-pr), —> Mes \ / ~Mes* \||>/ Mes
30 5a 5b

Mes* ~p

Scheme 3 Reaction of diphosphene 30 with HOTTf, yielding bicyclic
phosphanes 5a and 5b as main products.

Spectroscopic characterization

Apart from minor impurities, the *'P NMR spectrum of the
reaction mixture showed an A,X, (—273.2, —128.3 ppm) and an
A,MX spin system (—220.4, —94.8, —54.7 ppm) in a ratio of
1:4. The former set of signals was assigned to 5a (17% yield
based on *'P NMR integrals), the latter to 5b (67%); hence, the
endo—-exo-isomer was actually formed in significant excess. The
same NMR data were obtained for pure 5a and 5b (Fig. 1),
which agree well with calculated NMR shifts and coupling con-
stants (ESIf) as well as previously reported NMR data.'”*?
Moreover, both isomers could be nicely distinguished in the
Raman spectrum due to different excitation energies of the
vibrational “breathing” mode of the P, scaffold (Table 1). The
corresponding Raman bands were easily identified as the most
intense signals in both spectra (5a: 592 cm™", 5b: 568 cm™).
The wavenumbers compare well to the symmetrical A; mode of
tetrahedral P, in the gas phase (600 cm™").* In case of 5b, two
distinct P-C valence modes were identified at 584 (exo) and
591 cm™" (endo). In 5a, the single P-C valence band was super-
imposed by the “breathing” mode of the bicyclic scaffold and
could not be discerned.

Dalton Trans., 2016, 45, 1998-2007 | 1999
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Fig. 1 Experimental (up) and simulated (down) *!P NMR spectra of
5a and 5b.

Molecular structure

Crystallization from n-hexane yielded single crystals of 5b in
the space group P1 while crystallization from CH,Cl, afforded
crystals in the space group P2,/n (Fig. 2, right). The P-P and
P-C bond lengths are similar in both modifications of 5b: the
P1-P2 and P1-P3 bonds (av. 2.227, 2.233 A) are close to the
sum of the covalent radii (Yreov = 2.22 A),°° whereas the P2-P4
and P3-P4 bonds (av. 2.213, 2.210 A) as well as the transannu-
lar bond P2-P3 (av. 2.177 A) are slightly shorter. This is in con-
trast to the structure of the previously reported exo-exo-isomer
5a (Fig. 2, left),>* where all four peripheral P-P bonds exhibit
similar lengths (av. 2.225 A); the transannular bond, however,

View Article Online

Dalton Transactions

Fig. 2 Molecular structure of 5a (left) and 5b (monoclinic, right). Ellip-
soids are set at 50% probability (173 K). Selected bond lengths [A] and
angles [°]: 5a P1-P3 2.2310(7), P1-P4 2.2171(7), P2-P3 2.2294(7), P2-P4
2.2236(7), P3-P4 2.1634(8); P1-P3-P4-P2 -95.66(3); 5b P1-P2
2.2244(7), P1-P3 2.2326(8), P2—-P4 2.2131(8), P3—-P4 2.2101(8), P2-P3
2.1773(8); P1-P2-P3-P4 107.78(3).

is likewise only 2.1634(8) A. The bond angles at the P atoms
are all close to 60° and thus compare to tetrahedral P,. Inter-
estingly, the Mes* substituent in 5b is bent backwards above
the P, scaffold, so the p-tert-butyl group rests on top of the exo-
Mes* substituent, effectively shielding the top side of the
bicyclic ring system. Hence, the fold angle of the butterfly-
shaped P, scaffold is quite different in all three cases; it varies
from 95.66(3)° (5a) across 105.75(5)° (triclinic 5b) to 107.78(3)°
(monoclinic 5b), which can be attributed to Pauli repulsion
between the endo-substituent and the opposite bridging atom
(P1) in case of 5b as well as packing effects to account for the
difference between the two modifications. A similar effect was
observed in case of Ter'P,Ter’ (9a, 9b, Ter’ = 2,6-bis(diisopropyl-
phenyl)phenyl), where the difference between exo-exo (92.9°)
and endo-exo-isomer (108.1°) is even larger.?’

Table 1 Main vibrational modes of bicyclic tetraphosphanes in the Raman spectrum. Assignment of the symmetries based on approximate C,, sym-

metry of the P4 scaffold

Vibration mode Description Frequency [em™]
! Pﬁ Symmetrical valence “breathing mode” (A; mode, in phase) 5a: 592
A—p" 5b: 568
P/ 5a-GaCl;: 597
4 5b-GaCly: 567
ﬁP\PgP\ Peripheral bond stretch (B; mode) 5a: 447
\ // 5b: 500
re 5a-GaCly: 497
5b-GaCly: 518
P—_ ﬁ/P Transannular bond stretch (A; mode, out of phase) 5a: 412
2 NZ 5b: —
p 5a-GaClj: 436
4 5b-GaCly: —
PZ? 4 F’F Peripheral bond stretch (B, mode) 5a: 412
P Yp/ ~N 5b: 412
F,/ 5a-GaCls: 451
4 5b-GaCly: 438
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Computational study

Comprehensive DFT calculations were carried out to compare
the isomers 5a and 5b. According to NBO analysis,”" the
bonding situation is similar in both cases. The Wiberg and
NLMO bond indices are near unity for all P-P bonds. However,
due to the small bond angles, the electron density is not dis-
tributed symmetrically around the P-P bond axes, but rather
bent outwards, resulting in banana-shaped bonds. This is
illustrated by the electron localization function (ELF, Fig. 3
right), where the local maxima between the P atoms are found
outside the lines of nuclear centres. Additionally, the sym-
metry and shape of the natural bond orbitals (NBOs) and
molecular orbitals (MOs) support this picture.

Isomerization of 5b to 5a

At the PBEO/aug-cc-pVDZ level of theory, the exo-exo-isomer 5a
is energetically favoured with respect to 5b by 10.4 kJ mol™*
(AH*®%) or 8.80 kJ mol™" (AG*®), respectively. These findings
prompted us to investigate the thermodynamic equilibrium
between both isomers: Indeed, when heating a THF solution
of 5a and 5b (1: 4 ratio) to 75 °C over a period of 50 days, slow
conversion of 5b to 5a was observed in the *'P NMR spectrum.
The forward and backward reaction were modelled as first
order kinetics according to eqn (1).

I\llles*

P—p-—P P—p-—P

\'T/ “Mes* Mes*”~ \'T/ “Mes* (1)
5p b 5a

Hence, eqn (2) defines the reaction rate, [5a] and [5b] being
the partial concentrations of 5a and 5b, respectively.

dlsh)_

a —k¢ [Sb} + kp [53] (2)

Let [5a], and [5b], denominate the initial concentrations
at t = 0. Due to the conservation of mass, [5b],-[5b] equals

View Article Online
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[5a]-[5a]o. Furthermore, the reaction rate becomes zero at equi-
librium, when the system reaches a steady state with constant
concentrations of both isomers. Using these boundary con-
ditions to integrate eqn (2), we obtain

[5b] = ¢ + ([5b], — c)e~kitko)t 3)
‘= ]jf)kb ([5a], + [5b],) (a)

Least-squares fitting of eqn (3) against the experimentally
determined concentrations gave k¢ = 2.77(11) x 107° s™* and
ks = 0.30(3) x 107° s, Accordingly, the experimental equilibrium
constant is:

k
K=:1=93(14) (5)
kp

Thus, the experimental Gibbs energy (at 75 °C) can be
calculated:

ARG = —RT In K = —6.4(3) k] mol ! (6)

This value compares well to the calculated value of AgG**® =
—8.54 k] mol ™" for the gas phase reaction.

Intriguingly, an equilibrium between endo-exo and exo-exo-
isomers was also described for Ter'P,Ter’ (9a, 9b); however, the
system was found to be highly dynamic and both isomers
afforded identical NMR spectra even at low temperature. Crys-
tallization of either one of the isomers depended solely on the
solvent used.””

Synthesis of endo-exo-Mes*P,;Mes* (5b) by carbene promoted
degradation of [CIP(p-PMes*)], (32)

Using the synthetic protocol described above, 5a and 5b were
always obtained in mixture. Separation was difficult and could
only be achieved for small amounts of substance by repeated
re-crystallization. Designing a reaction that would yield 5b

12.56 1.000
10.76 I0.857

8.97 - 0.714
P3
R
718 - I0,571
538 0.429

3.59 0.286

ELF function value

1.79 0.143

0.000

3.77 5.66 7.54 9.43
Length unit: Bohr

11.31 13.20

Fig. 3 Exemplary description of the bonding in 5a. Left: NBO/NLMO depiction of one PP bond, illustrating the “banana” bond character. Middle:
HOMO-6 with large coefficients at the central P4 scaffold. Right: Electron localization function (ELF) depicted in a plane through atoms P1, P3 and
P4. The maximum densities between the P atoms are found outside the lines of nuclear centres (black). The maxima at the corners of the triangle

show the location of the lone pairs (LPs).
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cl - N

P—p—P
FF/ “Mes*

i —N N—
P 7 P sp
Mes*-P_ P-Mes* ——> N
\P/ Mes \P//P\Mes*
Cl 32 3
Mes*PCl,

Scheme 4 The carbene promoted degradation of 32 yields a mixture
of products, of which some were identified.

exclusively proved to be difficult: obviously, all reactions
involving elevated temperatures led to (at least) partial for-
mation of the thermodynamically favoured exo-exo-isomer 5a.
Still, we found that the reaction of the cyclo-tetraphosphane
[CIP(u-PMes*)], (32)*° with tetramethylimidazolylidene (33)
yielded bicyclic tetraphosphane 5 in a surprisingly good iso-
meric ratio (5a:5b) of 1:12 (Scheme 4). The isolated yield of
pure 5b was low (14% based on 32), since the degradation of
32 did not proceed cleanly but rather gave a mixture of
different products. Anyway, 5b could be crystallized from the
reaction mixture in large, block-shaped crystals, making iso-
lation comparatively easy.

Selective synthesis of exo—exo-Mes*P,Mes* (5a) by reduction

Concerning the synthesis of pure 5a, the isomerisation at elev-
ated temperatures certainly offered a viable possibility to
increase the isomeric ratio in favour of the exo-exo isomer.
Nevertheless, we found a much more straightforward way to
synthesize pure 5a: starting from 32, reduction with stoichio-
metric amounts of Mg afforded 5a in high yields (based on *'P
NMR integrals: 95%; isolated substance: 73%) in a clean reac-
tion (Scheme 5, top). For comparison, the original synthesis of
5a published by Fluck et al. afforded the bicyclic phosphane in
a yield of only 5.2%.>* Formally, the reduction of 32 with Mg
can be compared to the reduction of dichloro-cyclo-diphospha-
diazanes, [CIP(u-NR)],, which results in the formation of cyclo-
diphosphadiazanediyls, [P(1-NR)],, provided that the substitu-
ent R is bulky enough to prevent dimerization (Scheme 5,

Cl
n
Mg P~p-—-P
AN
Mes* P P iMes* —— Mes*” N/ ~Mes*
7
F" - MgCl, P
Cl 32 5a
C|3I
/P\ Mg /?\
Ter—N N—Ter —>» Ter—N N—Ter
N _ 7/ Ne/
Fl’ - MgCl, P
Cl

Scheme 5 Top: Reduction of cyclo-tetraphosphane 32 yields bicyclic
phosphane 5a selectively. Bottom: Reduction of homologous dichloro-
cyclo-diphosphadiazanes results in singlet open-shell biradicals with a
drastically different bonding situation.
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bottom).>* Yet, in contrast to the bicyclic tetraphosphane, the
NP species comprise a planar ring system with singlet bi-
radical character, as there is no classical bonding interaction
between the transannular P atoms in this case.

Synthesis of Mes*P,Mes*-GaCl; (5-GaCl;) from P, units

When heating a solution of Mes*P(SiMej3), (34) in the presence
of PCl;, a mixture of various products was obtained. Interest-
ingly, the exo-exo-isomer 5a was found to be one of the major
products. Other species that could be identified were
Mes*PPMes* (31), Mes*PCl,, P,, endo-exo-isomer 5b (minor
amounts), and some higher aggregates of uncertain compo-
sition. However, the reaction was rather slow, so we decided to
add a Lewis acid for activation purposes. Indeed, in the pres-
ence of GaCl;, complete conversion was detected after one
hour even at low temperatures (Scheme 6). Upon slow warming
to ambient temperature, colourless crystals of 5a-GaCl; or
5b-GaCl; were obtained. Depending on the solvent, either one
could be crystallized selectively, even though the ratio of both
isomers in solution (7:5) remained unaffected by the choice
of solvent.

Spectroscopic characterization

For both 5a-GaCl; and 5b-GaCl;, an A,MX spin system was
expected due to unsymmetrical substitution of the bicyclic
scaffold. Nonetheless, the room temperature *'P NMR spec-
trum of 5a-GaCl; only displayed two resonances (formal A,X,
pattern; —246.4, —97.1 ppm; Fig. 4), which were shifted down-
field by ca. 30 ppm with respect to non-coordinating 5a. At
—80 °C, though, the actual A,MX spin system was resolved
(-248.1, —114.0, —74.8 ppm), with a rather large */x coupling
constant of +225 Hz (cf. 5b: */yx = —27 Hz). To investigate the
nature of this dynamic effect, temperature dependent NMR
spectra were recorded. Basically, either an intramolecular or an
intermolecular exchange (i.e. dissociation or bimolecular
exchange) of the GaCl; unit could be responsible for the
observed line shapes, given that the concentration of free 5a is
much lower than the concentration of the adduct 5a-GaCl;
(approx. ratio of 107 or less). However, at such low concen-
trations, the free phosphane could well be below the detection
limit and it might not be discernible in the spectrum even at
slow exchange. Accordingly, we added an excess of 5a, so the
appearance of the NMR spectrum would change drastically if
the free phosphane (i.e. dissociation) was involved in the

?aCI3
Pep—P
_ PCls Mes*” \Ff/ “Mes*
SMes  Gacls 5a-GaCls
Mes*—R, e
e Mes*
SiMe3 FI’ p
34 ClsGa”™ \77 ~Mes*
5b-GaCl,

Scheme 6 Reacting 34 with PClz and GaCls leads to GaCls adducts of
the bicyclic tetraphosphane 5, among other products.
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X, M 5a-GaCl, . .
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Fig. 4 Experimental (up) and simulated (down) 3!P NMR spectra of
5a-:GaClz at 27 °C (top) and —-80 °C (bottom), demonstrating the
dynamic exchange of the GaClz moiety in solution (* = 5a, « = impurity
of 5b-GaCls). GaCls was added to 5a in slightly sub-stoichiometric
amounts (0.95 eq.) so the non-coordinating bicyclic phosphane was
detectable in the NMR spectrum.

observed exchange.’® However, the signals of the excess phos-
phane could be detected independently of those of the adduct
and the signal pattern of 5a-GaCl; remained unchanged,
regardless of the excess of phosphane, proving an intra-
molecular mechanism (Scheme 7). Still, at higher tempera-
tures above the coalescence of the M and X signal of 5a-GaCl;,
slight broadening of the signals of free 5a was detected,
hinting at an independent intermolecular exchange. Full line-
shape analysis of the NMR signals (Fig. 4, ESIt) facilitated deri-
vation of the rate constants k at different temperatures. Using
the Eyring eqn (7), the Gibbs energy of activation of the intra-
molecular exchange could be determined.

k AGH
k= KBTTGXP (— W) (7)

Least-squares fitting gave a mean Gibbs energy of activation
AG* = 39.5(4) k] mol™, which compares, for example, to the
activation barrier of the exchange of NHj; in H3;N-GaMe;

?aC|3 (;;‘-aCI;;

_—

P—p-P P—p-P
Mes*~ 'T/ ~Mes* Mes*”~ 'T/ “Mes*
P P

Scheme 7 In case of 5a-GaCls, a fast intramolecular exchange of the
GaClsz unit was observed. The Gibbs energy of activation for this process
was determined to be 39.5 kJ mol ™.
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(35.6 k] mol").>* According to the linearized Eyring plot, the
enthalpy of activation AH* was found to be 39.5(4) kJ mol™*
and the entropy of activation AS* = —0.20(2) J mol™ K~*, indi-
cating a monomolecular transition state in agreement with the
discussed intramolecular exchange reaction. The NMR data at
slow exchange (—80 °C) correspond well with calculated NMR
shifts and coupling constants (ESIT).

The endo-exo isomer 5b-GaCl; showed an A,MX spin
system (—224.5, —114.5, —50.0 ppm), which resembled the
NMR spectrum of free 5b. Like in 5a-GaCls, the A part was
broadened due to coupling with Ga. Owing to the arrangement
of the Mes* substituents, no intramolecular exchange was
observed; the linewidths did not change significantly upon
cooling to —80 °C. Nonetheless, upon addition of an excess of
5b the *'P NMR spectrum revealed a dynamic exchange
between free phosphane and adduct, which is most likely
caused by a bimolecular exchange of the type 5-GaCl; + 5’ =
5'-GaCl; + 5 (ESIY).

Both isomers were nicely distinguishable in the solid state
Raman spectra, due to the different positions of the “breathing
mode” bands, similar to the non-coordinating tetraphosphabi-
cyclo[1.1.0]butanes 5a and 5b. In contrast to the latter, the
most intense Raman signal was caused by the Ga-Cl stretching
at 343 (5a-GaCl;) or 348 cm ™" (5b-GaCl;). P-C valence modes
could be identified at 613 (Mes* at coordinating P, 5a-GaCls)
and 618 cm™' (endo-Mes*, 5b-GaCl;), the other ones were
superimposed by the intense “breathing mode” signals.
Important vibrational modes of the P, scaffold are summar-
ized in Table 1.

Molecular structure

Lewis acid adduct 5a-GaCl; crystallized in the orthorhombic
space group Pnma as n-hexane solvate (Fig. 5). The PP bond
lengths lie within the range of typical single bonds, however
the P3-P2 (or P3-P2’) bond is slightly shortened (2.1805(9) A);
therefore, the bicyclic structure with two longer and two
shorter bonds actually resembles the bicyclic scaffold in 5b.

Fig. 5 Molecular structure of 5a-GaCls (left) and 5b-GaCls (right). Ellip-
soids are set at 50% probability (173 K). Selected bond lengths [A] and
angles [°]: 5a-GaClz P1-P2 2.228(1), P2—-P3 2.1805(9), P2-P2' 2.200(1),
Gal-P3 2.4206(8); P1-P2-P2'-P3 98.96(3); 5b-GaCls P1-P2 2.1854(5),
P2-P3 2.2365(6), P2—-P2' 2.2074(8), P1-Gal 2.3966(5); P1-P2-P2'-P3
102.64(2).
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The transannular bond (P2-P2": 2.200(1) A), on the other hand,
is noticeably longer than in 5a or 5b. In comparison with the
sum of covalent radii (2.35 A),”° the P3-Ga1 bond is somewhat
elongated (2.4206(8) A), most likely due to Pauli repulsion
between the ortho-tert-butyl groups of the neighbouring Mes*
moiety and the GaCl; unit. The bonding angles at the coordi-
nating P atom (P3) are considerably flattened, so one of the
Mes* substituents is bent further outwards. Moreover, the fold
angle of the bicyclic system amounts to 98.69(3)° and is there-
fore 3° larger than in 5a.

Compound 5b-GaCl; crystallized in the monoclinic space
group P2,/m either as toluene or CH,Cl, solvate with similar
cell parameters and molecular structure. Hence only the
toluene solvate shall be discussed in the following: again, the
bonds between the bridgehead atoms and the coordinating
P atom (P2-P1 and P2'-P1: 2.1854(5) A) are shortened in com-
parison with 5b, whereas the transannular bond is somewhat
widened (P2-P2': 2.2074(8) A). The P-Ga bond length (2.3699(5)
A) is shorter than in 5a-GaCl; and compares well to the
sum of covalent radii. The angle of the P3-P2-P2' plane to
the P3-C13 bond axis (96.92(6)°) is about 8° smaller than
in 5b, so the Mes* substituent moves closer to the bicyclic
scaffold. In contrast to 5a-GaCls, the fold angle of 5b-GaCl;
lessens with respect to the free bicyclic tetraphosphane by 3°
(102.64(2)°).

In both isomers, the substitution pattern at the bicyclic P,
scaffold is comparable to the borane adduct TerP,Me-B(C¢F5)3
(23-B(CgFs)3) or the bicyclic phosphino-phosphonium cation
[Mes*P,(Cl)Mes*]" (29).>*°

Computational study

NBO analysis revealed that the partial charges of the P atoms
in 5a-GaCl; and 5b-GaCl; (bridgehead P: +0.10e, coordinating
P: +0.24¢, non-coordinating P: +0.31e) changed only slightly in

Acceptor NBO
LV(Ga)

Donor NBO
LP(P) i

NLMO
0.90 sp°3(P) + 0.40 sp'*(Ga)

View Article Online

Dalton Transactions

comparison with 5a and 5b (bridgehead P: 0.00e, P(Mes*):
+0.27e), implying a similar distribution of the electron density.
Inspection of the molecular orbitals (MOs) showed that the
principal bonding orbitals of the P, scaffold remained intact.
According to the electron localization function (ELF), the P-Ga
bond is strongly polarized towards phosphorus (Fig. 6). The
natural Lewis description actually suggests a non-bonding situ-
ation with a lone pair (LP) at phosphorus and an empty p-type
orbital at Ga, with low P-Ga bond indices (NLMO: 0.34,
Wiberg: 0.50). However, a second order perturbation analysis
revealed a strong donor-acceptor interaction between the LP at
P and the empty p-type orbital at Ga (5a-GaCl,: 530.5 kJ mol ™,
5b-GaCl;s: 555.2 kJ mol_l); thus, the P-Ga bonding can be
described as a classical dative bond. At the PBEO/aug-cc-pVDZ
level of theory, the exo-exo isomer 5a-GaCl; was calculated to
be energetically favoured by 8.03 k] mol™" (AG**®); therefore
the energetic difference between exo-exo and endo-exo-isomer
slightly decreased in comparison to non-coordinating 5a and
5b. This is reflected in the calculated Gibbs energies (ArG>*%)
for the association of 5a or 5b and GaCl;, which amount to
—46.7 k] mol ™" or —47.4 kJ mol ™", respectively.

Equilibrium between 5a-GaCl; and 5b-GaCl;

Similar to the free phosphanes, the GaCl; adducts 5a-GaClj
and 5b-GaCl; were found to interconvert slowly in solution at
ambient temperature. Over a period of several weeks, the
establishment of equilibrium was monitored by *'P NMR spec-
troscopy. Interestingly, the equilibrium constant was found to
be 1.6(2), thus the amount of endo-exo isomer at equilibrium
was significantly higher than in case of the free phosphanes.
This is in agreement with the calculations, although the
actual effect is even more pronounced. According to the experi-
ment, the energetic difference between both isomers is just
1.2(4) k] mol ™" (AG).

1.000
0.857
0.714
0.571

0.429

ELF function value

0.286

0.143

0.000

412 619 825

Length unit: Bohr

10.31

1237 14.44

Fig. 6 Exemplary description of the bonding in 5a-GaCls. Left: Donor and acceptor NBOs describing the dative bond from P to Ga. Middle: P-Ga
bond in the natural localized MO (NLMO) picture. Right: Electron localization function (ELF) depicted in a plane through atoms P1, P3 and Gal. The
P-Ga and Ga—Cl bonds are strongly polarized and exhibit partly ionic character. The deformation of the LP at P1 is due to Pauli repulsion with CI2

and CI2' (out of plane).
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Scheme 8 Rational synthesis of 5a-GaClz and 5b-GaCls.

Direct synthesis of Mes*P ,Mes*-GaCl; (5-GaCl;)

As expected, 5a-GaCl; and 5b-GaCl; could be synthesized from
pure 5a and 5b by treatment with equimolar amounts of
GaCl;. Mixing solutions of both reactants and subsequent
evaporation of the solvent led to quantitative yield of the
respective GaCl; adduct (Scheme 8). Due to the short reaction
time (ca. 5 min), isomerization could be avoided.

Conclusions

We present new insights into the chemistry of tetraphosphabi-
cyclo[1.1.0]butanes: various synthetic approaches were investi-
gated, involving precursor molecules with one, two or four
phosphorus atoms. Thereby, the endo-exo isomer of
Mes*P,Mes* (5b) could be fully characterized for the first time
and the interconversion of both isomers could by studied in
detail. Furthermore, the hitherto unknown GacCl; adducts of
both exo-exo and endo-exo isomer (5a-GaCls, 5b-GaCl;) were
thoroughly investigated, including experimental assessment of
dynamic behaviour in solution and computational studies of
the bonding situation.

Due to isomerization in solution, it is difficult to obtain
either isomer purely; ideally, synthetic strategies should be
designed to (a) minimize the reaction time and (b) take place
at low temperatures to avoid thermodynamic equilibrium.

Experimental

All manipulations were carried out under oxygen- and moist-
ure-free conditions under argon using standard Schlenk or
Drybox techniques. All starting materials containing the Mes*
moiety were synthesized according to modified literature pro-
cedures; other reactants and solvents were obtained from com-
mercial sources and thoroughly dried. Detailed information
concerning experimental procedures, data acquisition and pro-
cessing, as well as purification of chemicals can be found in
the ESLT

Synthesis of 5a

A solution of [CIP(u-PMes*)], (206 mg, 0.30 mmol) in THF
(3 mL) is added to magnesium turnings (10 mg, 0.42 mmol)
and stirred at ambient temperature overnight. Subsequently,
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the solvent is removed in vacuo and the solid residue is
extracted with n-hexane (5 mL). After filtration, the filtrate is
concentrated and stored at 5 °C, resulting in crystallization of
colourless exo-exo-Mes*P,Mes*. Yield: 135 mg (0.22 mmol,
73%). CHN calc. (found) in %: C 70.34 (70.32), H 9.51 (9.35).
3'p{'H} NMR (CD,Cl,, 121.5 MHz): § = —273.2 (t, Y/ax(*'P,>'P) =
—177 Hz, 2 P, Ppridgehead)y —128.3 (t, Jax(*'P,*'P) = =177 Hz,
2 P, PMes*). 'H NMR (CD,Cl,, 300.1 MHz): § = 1.19 (s, 18 H,
p-t-Bu), 1.63 (s, 36 H, o-t-Bu), 7.07 (m, 4 H, m-H). Raman
(633 nm, 15 s, 10 scans, em™'): 7 = 3075 (1), 2963 (2), 2924 (2),
2903 (3), 2863 (1), 2777 (1), 2709 (1), 1588 (1), 1527 (1),
1473 (1), 1461 (1), 1442 (1), 1396 (1), 1365 (1), 1292 (1),
1281 (1), 1241 (1), 1208 (1), 1201 (1), 1175 (1), 1152 (1),
1128 (1), 1033 (2), 1020 (1), 934 (1), 921 (1), 891 (1), 822 (2),
775 (1), 637 (1), 592 (10), 563 (1), 490 (1), 475 (1), 463 (1),
447 (1), 432 (1), 412 (1), 387 (1), 351 (4), 294 (1), 259 (2),
211 (1), 191 (1), 177 (1), 136 (1), 125 (2), 107 (3), 86 (3).

Synthesis of 5b

Method 1: HOTf (180 mg, 1.12 mmol) is condensed onto a
degassed solution of Mes*PPN(i-Pr), (489 mg, 1.12 mmol) in
CH,Cl, (8 mL) at —196 °C. The reaction mixture is slowly
warmed to ambient temperature overnight. The solvent is
removed in vacuo and the residue is extracted with n-hexane
(5 mL). Insoluble solids are filtered off. The clear orange fil-
trate is concentrated, resulting in crystallization of a mixture of
exo—-exo and endo-exo-Mes*P,Mes* (1:4 ratio). Yield: 120 mg
(0.20 mmol, 35%). Re-crystallization yields pure endo-exo-
Mes*P,Mes*. Method 2: A mixture of [CIP(u-PMes*)], (835 mg,
1.22 mmol) and Me,C;N, (302 mg, 2.44 mmol) is dissolved in
CH,Cl, (10 mL) at —80 °C, resulting in a dark red solution.
The reaction vessel is warmed to ambient temperature over a
period of one hour, whereupon the solution is concentrated
and stored at 5 °C, resulting in the crystallization of orange,
block shaped crystals that were identified as Mes*PPMes*. The
supernatant is separated and concentrated. Storage at 5 °C
affords large colourless crystals of endo-exo-Mes*P,Mes*.
Yield: 105 mg (0.17 mmol, 14%). CHN calc. (found) in %:
C 70.34 (70.04), H 9.51 (9.47). *'P{'"H} NMR (CD,Cl,

121.5 MHz): 6 = =-220.4 (dd, Yaxx('P'P) = —234 Hz,
Jam(C'P'P) = =213 Hz, 2 P, Pyy), —94.8 (td, Yam(*'P,*'P) =
-213 Hz, Jux(*'P*'P) = —27 Hz, 1 P, Pu,), —54.7

(td, YJax('P,*'P) = =234 Hz, *Jux(*'P,*'P = =27 Hz, 1 P, Pepgy).
'"H NMR (CD,Cl,, 300.1 MHz): 6 = 1.19 (s, 9 H, exo-Mes*,
p-t-Bu), 1.30 (s, 9 H, endo-Mes*, p-t-Bu), 1.49 (s, 18 H, exo-
Mes*, o-t-Bu), 1.66 (m 18 H, endo-Mes*, o-t-Bu), 7.02 (m, 2 H,
exo-Mes*, m-H), 7.05 (m, 2 H, endo-Mes*, m-H). Raman
(633 nm, 15 s, 20 scans, cm '): 7 = 3168 (1), 3074 (1), 3055 (1),
2959 (4), 2924 (4), 2902 (5), 2865 (2), 2778 (1), 2712 (1),
1584 (3), 1520 (1), 1475 (1), 1466 (2), 1444 (2), 1399 (1),
1392 (1), 1360 (1), 1283 (2), 1251 (1), 1203 (1), 1186 (1),
1182 (1), 1173 (1), 1148 (1), 1132 (2), 1033 (3), 1017 (2), 932 (1),
919 (2), 897 (1), 877 (1), 822 (4), 772 (1), 744 (1), 740 (1),
647 (1), 638 (1), 591 (2), 584 (2), 568 (10), 500 (2), 490 (1),
473 (1), 435 (1), 419 (2), 412 (2), 381 (4), 363 (2), 330 (1),
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309 (1), 295 (1), 256 (2), 200 (1), 177 (1), 143 (4), 139 (3),
103 (7), 78 (6).

Synthesis of 5a-GaCl;

Method 1: Solutions of PCl; (130 mg, 0.95 mmol) and GaCl,
(168 mg, 0.95 mmol) in n-hexane (2 mL each) are added con-
secutively to a stirred solution of Mes*P(SiMes), (403 mg,
0.95 mmol) in n-hexane (5 mL) at —80 °C. The mixture is
warmed to ambient temperature, resulting in the deposition of
an intensively red oil. Overnight, large colourless crystals grow
at the phase interface at ambient temperature. Yield: 45 mg
(0.07 mmol, 8%). Method 2: A solution of GaCl; (10 mg,
0.057 mmol) in CH,Cl, (1 mL) is added to a solution of exo-
exo-Mes*P,Mes* (35 mg, 0.057 mmol) in CH,Cl, (2 mL). The
mixture is stirred for ten minutes and the solvent is removed
in vacuo, yielding an analytically pure powder of exo-exo-
Mes*P,Mes*-GaCl;. Yield: 30 mg (0.038 mmol, 67%). CHN
calc. (found) in %: C 54.68 (53.97), H 7.39 (6.89). *'P{'"H} NMR
(CD,Cl,, 121.5 MHz): § = —246.4 (t, Jax(*'P,>'P) = —198 Hz, 2 P,
Ppridgehead), —97.1 (broad, 2 P, PMes*). *'P{'"H} NMR (CD,Cl,,

121.5 MHz, —80 °C): § = —248.1 (dd, Jam(*'P,*'P) = —182 Hz,
Uax('P'P) = —216 Hz, 2 P, Pprdgenead), —114.0 (dt,
am(C'PP) = =182 Hz, */ux(*'P,>'P) = +225 Hz, 1 P, PMes*),

—-74.8 (dt, Jax(*'P,*'P) = =216 Hz, */yx(*'P,>'P) = +225 Hz, 1 P,
P(Ga)Mes*). "H NMR (CD,Cl,, 300.1 MHz): § = 1.20 (s, 18 H,
Mes*, p-t-Bu), 1.68 (s, 36 H, o-t-Bu), 7.24 (s, 4 H, m-H). Raman
(785 nm, 30 s, 4 scans, cm™'): U = 3064 (1), 2976 (1), 2960 (2),
2928 (2), 2904 (3), 2869 (1), 2786 (1), 2717 (1), 1593 (3), 1582
(2), 1536 (1), 1477 (2), 1465 (3), 1443 (2), 1393 (2), 1362 (1),
1284 (3), 1250 (2), 1208 (2), 1176 (3), 1031 (3), 1025 (3), 1016
(2), 920 (2), 891 (1), 819 (5), 772 (1), 747 (1), 638 (1), 613 (3),
597 (9), 561 (4), 502 (1), 497 (1), 480 (2), 470 (1), 451 (2), 436
(2), 406 (3), 395 (4), 385 (3), 366 (4), 343 (10), 294 (2), 260 (4).

Synthesis of 5b-GaCl;

Method 1: A solution of PCl; (131 mg, 0.95 mmol) in CH,Cl,
(1 mL) and a solution of GaCl; (168 mg, 0.95 mmol) in
CH,Cl,/toluene (1:1, 2 mL) are added consecutively to a
stirred solution of Mes*P(SiMes), (403 mg, 0.95 mmol) in
CH,Cl, (5 mL) at —80 °C. The mixture is warmed to —50 °C,
whereupon the solution turns red. After further stirring at
—50 °C for two hours, the solution is concentrated and sub-
sequently warmed to ambient temperature overnight, resulting
in crystallization of endo-exo-Mes*P,;Mes*-GaCl; (CH,Cl,
solvate) in colourless, block-shaped crystals. The solvent is
removed by drying in vacuo. Yield: 50 mg (0.08 mmol, 9%).
Method 2: A solution of GaCl; (15 mg, 0.085 mmol) in CH,Cl,
(1 mL) is added to a solution of endo-exo-Mes*P,Mes* (52 mg,
0.085 mmol) in CH,Cl, (2 mL). The mixture is stirred for ten
minutes and the solvent is removed in vacuo, yielding an ana-
lytically pure powder of endo-exo-Mes*P,Mes*-GaCl;. Yield:
51 mg (0.064 mmol, 75%). CHN calc. (found) in %: C 54.68
(54.15), H 7.39 (7.15). *'"P{'H} NMR (CD,Cl,, 121.5 MHz): § =
—-224.5 (dd, Yam(*'P,>'P) = =192 Hz, Yax(*'P,*'P) = —249 Hz,
2 P, Ppridgehead), —114.5 (td, Jam(*'P,*'P) = =192 Hz, Jux(*'P,’'P) =
+24 Hz, 1 P, Pey,), —50.0 (broad, 1 P, Ppqg,). "H NMR (CD,Cl,,
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300.1 MHz): § = 1.21 (s, 9 H, exo-Mes*, p-t-Bu), 1.33 (s, 9 H,
endo-Mes*, p-t-Bu), 1.49 (s, 18 H, exo-Mes*, o-t-Bu), 1.70
(m 18 H, endo-Mes*, o-t-Bu), 7.11 (d, J("H,*'P) = 1.9 Hz, 2 H,
exo-Mes*, m-H), 7.32 (d, J(*"H,>'P) = 5.0 Hz, 2 H, endo-Mes*,
m-H). Raman (633 nm, 10 s, 4 scans, cm™'): 7 = 3055 (2),
3035 (1), 2973 (5), 2966 (6), 2905 (7), 2866 (3), 2782 (1),
2714 (1), 1603 (1), 1582 (4), 1525 (1), 1463 (2), 1441 (2),
1394 (1), 1362 (1), 1284 (2), 1208 (2), 1173 (1), 1133 (2),
1029 (3), 1011 (2), 1002 (3), 924 (1), 818 (3), 784 (2), 741 (2),
618 (3), 567 (7), 518 (1), 508 (1), 438 (3), 407 (2), 391 (2),
372 (2), 348 (10), 302 (1), 258 (3), 213 (1).

Detailed analytical data for all compounds, including low
temperature NMR data, can be found in the ESL{
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Abstract The synthesis and some key reactions of the cyclotetraphosphane [CIP(u-PMes*)]2 (2, Mes* = 2,4, 6-tri-tert-
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X-ray diffraction, spectroscopic methods as well as computational studies.
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A VERSATILE REAGENT IN PHOSPHORUS CHEMISTRY

INTRODUCTION

Ring systems composed of group 15 elements (pnictogens, Pn) are an interesting and
widely investigated field of main group chemistry.! Especially, phosphorus based ring systems
have received increasing attention,** since various types of mono- and polycyclic phosphanes
were prepared by direct activation of white phosphorus (P4).5'3 However, selective
functionalization of such ring systems was not studied in detail, which is why we set out to
prepare a suitable functionalized P4 precursor and investigate its reactivity. In analogy to the well
explored chemistry of dichloro-cyclo-diphosphadiazanes,'> the homologous dichloro-cyclo-
tetraphosphanes seemed a worthwhile target for further chemistry. Known examples of such
halogen  substituted  cyclo-tetraphosphanes comprised [CIP(u-PSi(#-Bu)3)]> and

[CIP(u-PSi(z-Bu)3)]2; yet we found their preparation unsuitable for synthetic scale.!*!°

RESULTS AND DISCUSSION
Preparation of [CIP(u-PMes*)].

In analogy to the synthesis of Mes*NPCI (Scheme 1, top; Mes* = 2,4,6-tri-fert-butyl-
phenyl),'® treatment of Mes*PH» with PCl; in the presence of NEt3; led to P-P coupling under
elimination of [HNEt3]Cl. In the first step, the tetraphosphene Mes*P=P—P(Mes*)PCl, (1) was
formed, which underwent rearrangement to [CIP(u-PMes*)]> (2) in polar solvents (Scheme 1,
bottom).!” After optimization of the reaction conditions, compound 2 could be prepared in 50—

60 % yield (5 g scale), which facilitated the investigation of its reactivity.'®

NEt,
Mes*—NH, + PCl; — Mes*—N=P—ClI

Cl

cly '

I
%o Sl *
Mes Mes

1 a2

NEt,

N
Mes*—PH, + PCl; — % —> % Mes*—F, P-Mes*

Scheme 1 Top: Synthesis of Mes*NPCI. Bottom: Synthesis of [CIP(u-PMes*)], (2).
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Compound 2 was characterized by an A,X> spin system in the *'P NMR spectrum (Sexpt =
=8.1, +131.1 ppm; Ocaled = —1.6, 119.9 ppm). Its solid state structure was determined by single
crystal X-ray diffraction. The four membered ring system adopts a puckered conformation, all
substituents are arranged in the equatorial position (Figure 1). The experimental structural data

correspond nicely with calculated structural parameters (PBE0/6-31g(d,p) level of theory).!’

Figure 1 Molecular structure of 2 in the crystal (P21/c). Ellipsoids are set at 50% probability (173 K). Selected bond
lengths [A] and angles [°]: P1-P2 2.2731(5), P1-P4 2.2596(5), P2—P3 2.1905(5), P2—Cl1 2.0967(5), P3—P4
2.2026(5), P4-CI2 2.1061(6); P1-P2-P3 80.54(2), P1-P2—Cl1 106.45(2), P3—P2-Cl11 97.97(2), P2-P3-P4 84.65(2),
P3-P4-P1 80.58(2), P3—P4-CI2 97.32(2), P1-P4-CI2 104.47(2); P1-P2-P4-P3 119.45(3), C11-P2-P4-CI2
—=1.06(5) C1-P1-P3-C19 —17.9(1).

Reaction with GaCls

When 2 was treated with GaCls at —80 °C, the intermediate formation of a highly reactive
tetraphosphenium cation (3") could be detected by in situ 3'P NMR spectroscopy (Scheme 2).'8
Upon warming to —50 °C, a formal 1,2-Cl shift was observed, resulting in the formation of two

isomers of an unprecedented bicyclic triphosphino-phosphonium cation (4*; Figure 2, left).
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Cl
)
_P=p-P3
RS Mes* \E/ Mes*
Cl Cl -
S)
+
Mes*—P_ P-Mes* —> |Mes*—P  P—-Mes”
P -80°C P Mes*
I
cl o2 3*  GaclP }‘ Pep- PO
¢ Mes*” \F/ i
P

4t Gacl®

Scheme 2 The reaction of 2 with GaCls leads to the highly reactive intermediate 3*, which rearranges to the bicyclic

cation 4", The latter is observed as exo-exo (4a*) and endo-exo isomer (4b*).

In the 3'P NMR spectrum, both isomers of 4" were characterized by A;MX patterns (4a*:
Oexptl = —214.5, —89.5, +51.2 ppm; Jcalcda = —220.3, —103.8, +24.6 ppm; 4b™: dexpn = —226.4,
—123.6, +9.0 ppm; dcalcd = —227.8, —135.7, —12.0 ppm). The molecular structure of 4a[GaCls]
was elucidated by single crystal X-ray diffraction.!® The bicyclic P4 scaffold adopts a butterfly
conformation with a fold angle of 102°, which is comparable to other bicyclic tetraphos-
phanes.!*!"2% According to NBO analysis,? the positive charge is mostly localized at the formal

phosphonium centre (+0.76 e), while the whole P4 scaffold bears a positive charge of +1.37 e.

Figure 2 Molecular structure of 4[GaCls] (left) and 5° (right) in the crystal. Ellipsoids are set at 50% probability
(173 K). Selected bond lengths [A] and angles [°]: 4" Pla—P2a 2.150(2), P1a—Cll1a 2.009(2), P2a—P2a' 2.244(2),
P2a-P3a 2.244(2); Clla—Pla—P2a 117.65(7), C1-Pla—Clla 118.7(2), P2a'-P1a—P2a 62.91(7), P1a—P2a—P2a’
58.55(3), P3a—P2a—P2a' 59.99(3), P1a—P2a—P3a 83.60(6), P2a'-P3a—P2a 60.02(7); Pla—P2a—P2a'-P3a —101.68(3);
57 P1-P2 2.195(1), P1-C19 1.846(3), C19-C20 1.514(4), C20-C21 1.334(4), C21-C22 1.500(4), P2—-C22 1.871(3),
P4-Cl1 2.068(1); P2—P1-P4 91.78(4), C19-P1-P2 102.3(1), C19-P1-P4 116.1(1); P1-P2—P4-P3 159.03(1).
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A VERSATILE REAGENT IN PHOSPHORUS CHEMISTRY

The intermediate 3" could be trapped by a formal [4+2] cycloaddition reaction with
dimethylbutadiene (dmb), resulting in a bicyclic tetraphosphaoctenium cation (5°; Figure 2,

right), which is comparable to previously reported cyclic phosphino-phosphonium cations.?’ >

Reduction reactions

Reduction of 2 with Mg selectively afforded the exo-exo isomer of the bicyclic
tetraphosphane Mes*PsMes* (6a; Scheme 3, top) in good yields (73 %).>° Compound 6 had
previously been prepared by reacting a mixture of Mes*Br and Mes*Li with white phosphorus,
though merely in low yields (5 %).2!*! Intriguingly, the carbene promoted degradation of 2 gave
rise to the elusive endo-exo isomer of Mes*PsMes* (6b; Scheme 3, bottom),*® which had

previously only been characterized spectroscopically.®

Mes*” \7 /" “Mes*
Cl We
I
6
AN / a
\ Mes*
N— Mes*” i,} + byproducts
6b

Scheme 3 Starting from 2, both isomers of the bicyclic tetraphosphane 6 can be obtained selectively.

Both isomers of 6 were fully characterized. In the *'P NMR spectrum, 6a is characterized
by an A2X> pattern (dexptt = —273.2, —128.3 ppm; Jcaled = —271.5, —138.0 ppm), while 6b displays
an AoMX spin system (dexptt = —220.4, —94.8, —54.7 ppm; Ocaled = —217.8, —100.2, —68.0 ppm).
The molecular structure was determined by single crystal X-ray diffraction. In both isomers, the
overall structure of the P4 scaffold is rather similar. The fold angle of the bicyclus in the endo-
exo 1somer is significantly larger (108°) than in the exo-exo isomer (96°), presumably due to

Pauli repulsion between the endo-Mes* substituent and the ortho-t-Bu groups of the exo-Mes*

group (Figure 3).
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A VERSATILE REAGENT IN PHOSPHORUS CHEMISTRY

Figure 3 Molecular structure of 6a (left) and 6b (right) in the crystal. Ellipsoids are set at 50% probability (173 K).
Selected bond lengths [A] and angles [°]: 6a P1-P3 2.2310(7), P1-P4 2.2171(7), P2—P3 2.2294(7), P2-P4
2.2236(7), P3-P4 2.1634(8); P1-P3-P4-P2 —95.66(3); 6b P1-P2 2.2244(7), P1-P3 2.2326(8), P2-P4 2.2131(8),
P3-P4 2.2101(8), P2-P3 2.1773(8); P1-P2-P3-P4 107.78(3).

In conclusion, the synthesis of the cyclo-phosphane 2 was newly developed and
subsequently improved to make it readily available for synthetic use. The introduction of reactive
P—CI bonds directly at the ring system gave rise to fascinating follow-up chemistry by
abstraction or reductive elimination of the Cl atoms, affording new preparative routes to known
as well as unprecedented phosphorus ring systems. This nicely demonstrates the potential of our
synthetic approach. To extend the product spectrum, the reactivity of 2 towards Lewis bases and

transition metals is currently under investigation.
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7.2 Source Code of the Submission Script

The script presented in the following uses the application programming interface (API) of the
SLURM workload manager to queue Gaussian jobs and should therefore work on any cluster
computer with that software after slight modifications (paths, resource limits, environment

variables etc.)

#!/bin/bash

# Script created by Jonas Bresien

# Department of Chemistry, Lab 114, Tel. 6392
# Script version: 3.2

# Last update: 2015-06-09

Script_Name="$(/bin/basename "$0")"
Script_FullPath="$(/bin/readlink -e "$0")"

# Function definitions

esc_sed() {

local str=$%$@

echo -n "$(/bin/sed -r 's/\//\\\//ig;s/\&/\\\&/ig' <<< "$str")"
}

in_array() {
local str2="$1"
local array="$2"

for strl in "${array[@]}" ; do

test "$strl” = "$str2" && echo 0 && return 0
done
echo 1 && return 1
}
trim() {
local var=$%$@
var="${vart#t${var%%[![ :space:]]*}}" # remove leading whitespace .
characters
var="${var%${var##*[![:space:]]}}" # remove trailing whitespace .
characters
echo -n "$var"
}
HHHHHEH AR H A
# #
# Input processing - interactive part #
# #

HHHHHT S RS RS R RS
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if [ ! -n "$SLURM_JOB ID" ] ; then

# Default values (do not change)

email="" # E-mail address

proc=1 # Number of processor cores

proc_max=20 # Max. number of processor cores

mem=0 # RAM (MB)

mem_max_cpu=3150 # Max. RAM per core (MB)

tcpu=72 # Time limit (h)

tcpu_max=72 # Max. time limit (h)

tsig=20 # Signal before time limit (min)

after_job="" # Execute only if the specified job terminated
# sucessfully (#ID)

# Get options
while getopts
case $opt in
a)
if [[ "$OPTARG" =~ ~[0-9]+$ ]] ; then after_job="$OPTARG" ; fi
35
e)
email="$OPTARG"
35
s)
if [ "$OPTARG" -ge 10 -a "$OPTARG" -le 120 ] ; then
tsig=$0PTARG
else
echo -e "\n $Script Name -s: Please enter a value between 10 .
and 120 minutes.\n"
exit 1
fi
35
t)
if [ "$OPTARG" -ge 1 -a "$OPTARG" -le $tcpu max ] ; then
tcpu=$0PTARG

':ate:s:t:h" opt ; do

else
echo -e "\n $Script Name -t: Maximum time is $tcpu_max
hours.\n"
exit 1

fi

55

h)
echo -e "\n $Script Name: Usage\n\n -e Specify your e-mail .
address (e.g. -e name@provider.org)\n Alternatively, you .

may save your e-mail address in ~/email addr\n -t CPU time in J
hours (unfinished jobs will be resubmitted automatically)\n

-s Signal time in minutes (time frame for all checkpointing .
operations, default is 2@)\n -a Execute only AFTER successful .
completion of the specified job (ID)\n -h  Show this help\n\n J
Example: $Script Name -e name@provider.org -t 24 input.com\n\n .
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To check the progress of running jobs, use the command .
"check_g@9'\n"
exit 1
35

\?)
echo -e "\n $Script_Name: Invalid option: -$OPTARG\n"
exit 1
35

2
echo -e "\n $Script_Name: Option -$0OPTARG requires an J
argument.\n"
exit 1
55

esac
done

shift $(($OPTIND-1))

if [ $# -ne 1 ] ; then
echo -e "\n Usage: $Script Name [options] <input file>\n Type
$Script_Name -h for more information.\n"
exit 1

fi

# Signal time ($tsig) must be less than 1/3 of the time limit ($tcpu)

if [ $tsig -gt $(($tcpu*20)) ] ; then
echo -e "\n $Script Name: The signal time (-s) cannot be larger .
than a third of the time limit (-t).\n"
exit 1

fi

# Locate input file on disk
INP_FILE="$(/bin/readlink -e "$1")"

if [ ! -n "$INP_FILE" ] ; then
echo -e "\n $Script_Name: The specified file \"$1\" does not exist!\n"
exit 1

fi

INP_NAME="$(/bin/basename "$INP_FILE")"
INP_DIR="$(/usr/bin/dirname "$INP_FILE")"
shopt -s extglob
INP_NAME="${INP_NAME%.?(com|gjf|inp|restart)}"
shopt -u extglob
INP_SCRIPT="$INP_DIR/$INP_NAME.gsub"

# Get e-mail address (may be saved in ~/email addr)
Email File="$(/bin/readlink -e ~)/email_addr"
if [ ! -n "$email"” -a -e "$Email File" ] ; then

email="$(<"$Email File")"
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elif [ ! -n "$email"” ] ; then
echo -e "\n $Script Name: No e-mail address specified. Please do!\n"
exit 1

fi

# Load input file and convert Windows line breaks (\r\n) to Linux/Unix .
format (\n)

Inp_Content="$(<"$INP_FILE")"
Inp_Content="$(/bin/sed -r 's/\r//ig' <<< "$Inp_Content")"

# "Restart"” implemented in Gaussian does not support multi step jobs .
(--Link1--)
# => Exit if multi step job was submitted

if [ -n "$(/bin/grep -i "\-\-Link1\-\-" <<< "$Inp Content")" ] ; then
echo -e "\n $Script_Name: Unfortunately, multi step jobs (--Link1l--)
are not supported\n at the moment due to limitations of Gaussian's J
RESTART functionality.\n"
exit 1

fi

# Read %nproc and %mem

inp_nproc="$(/bin/sed -n -r
's/M\s*%nproc(s|shared)?\s*=\s*(\w+)\s*$/\2/ip' <<< "$Inp_Content")"

if [ -n "$inp_nproc" ] ; then
if [ "$inp_nproc" -ge 1 -a "$inp_nproc"” -le $proc_max ] ; then
proc=$inp_nproc
else
echo -e "\n $Script_Name: Number of processors must be between 1 .
and $proc_max.\n"
exit 1
fi
fi

inp_mem="$(/bin/sed -n -r 's/~M\s*%mem\s*=\s*(\w+)\s*$/\1/ip' <<<
“"$Inp Content")"

if [ -n "$inp_mem" ] ; then
# Values are only interpreted if given in KB, MB or GB
inp_mem="$(/bin/sed -n -r 's/~(.+)\s*(gb|mb|kb)$/\1:\2/ip"' <<<
"$inp_mem")"

if [ -n "$inp_mem" ] ; then
inp_mem _unit="$(/bin/cut -d: -f2 <<< $inp_mem)"
inp_mem unit="${inp_mem_ unit~~}"
inp_mem="$(/bin/cut -d: -f1 <<< $inp_mem)"

# Convert to MB

case "$inp mem_unit" in
GB) inp_mem=$(($inp_mem*1024)) ;;
KB) inp_mem=$(($inp_mem/1024)) ;;
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esac

# Test if requested RAM complies to mem-per-cpu limit
if [ "$inp_mem" -ge 1 -a "$((($inp_mem+2048)/$proc))" -le
$mem_max_cpu ] ; then
mem=$inp_mem
else
echo -e "\n $Script Name: Error: Requested amount of RAM .
($inp_mem MB) exceeds available memory.\n RAM
available for $proc CPU(s): $(($mem_max_cpu*$proc-2048)) MB.\n"
exit 1
fi
else
echo -e "\n $Script Name: The memory requirement in the input .
file (%mem) must be given in KB, MB or GB.\n"
exit 1
fi
else
echo -e "\n $Script Name: No memory requirement specified.\n"
exit 1
fi

# Save SLURM script
# #SBATCH --mem-per-cpu=$((($mem+2048)/$proc))

echo "#!/bin/bash

#SBATCH -J \"g09_${INP_NAME} $$\"
#SBATCH -e \"g@9 $INP_NAME.slurm_ %j\"
#SBATCH -0 \"g09_$INP_NAME.slurm_%j\"
#SBATCH -D \"$INP_DIR\"

#SBATCH -p shared_mem

#SBATCH -N1

#SBATCH -n1

#SBATCH --open-mode=append

#SBATCH --cpus-per-task=$proc

#SBATCH --mem-per-cpu=$mem_max_cpu
#SBATCH --time=$(($tcpu*60))

#SBATCH --mail-type=ALL

#SBATCH --mail-user=$email

#SBATCH --signal=B:USR1@$(($tsig*6@))
$(test -n "$after_job" && echo "#SBATCH -d afterok:$after_job")

INP_FILE=\"$INP_FILE\"
INP_NAME=\"$INP_NAME\"
INP_DIR=\"$INP_DIR\"
INP_SCRIPT=\"$INP_SCRIPT\"

INP_MEM=\"$mem\"
INP_PROC=\"$proc\"

. $Script_FullPath" > "$INP_SCRIPT"

sbatch "$INP_SCRIPT"
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HEHHHAHEHH GRS H SRS SRR R

# #
# Run Gaussian - static part #
# #

it
else

Local Directory="/local/$USER.$SLURM JOB_ID"
Scratch_Directory="/local/$USER.$SLURM JOB ID/scratch"

Inp_INP="$Local Directory/$INP_NAME.com"
Out_File="$Local Directory/$INP_NAME.log"

# Load input file and convert Windows line breaks (\r\n) to Linux/Unix .
format (\n)

if [ ! -e "$INP_FILE" ] ; then
echo "$Script Name: No input file found"
exit 1

fi

Inp_Content="$(<"$INP_FILE")"
Inp_Content="$(/bin/sed -r 's/\r//ig' <<< "$Inp_Content")"

# Find checkpoint file

inp_chk="$(/bin/sed -n -r 's/M\s*%chk\s*=\s*"?([*"]+)"?\s*$/\1/ip' <<<
"$Inp_Content")"

inp_chk="$(trim "$inp_chk")"

if [ -n "$inp_chk" ] ; then

# Locate checkpoint file on disk
if [ -e "$inp_chk" ] ; then

# Save absolute path

Inp Chk File="$(/bin/readlink -e "$inp_chk")"
Out_Chk_File="$Inp Chk_File"

Local Chk File="$Local Directory/$(/bin/basename "$inp_chk")"

# Create new chk file if non-existent
else

Out_Chk File="¢$INP DIR/$(/bin/basename "$inp chk")"

Local Chk _File="$Local Directory/$(/bin/basename "$inp_chk")"
fi

# Update chk path(s) in input

local chk="$(esc_sed "$Local Chk File")"

Inp_Content="$(/bin/sed -r 's/%chk\s*=\s*.+\s*/%chk=""$local chk"'.
/ig' <<< "$Inp_Content")"

# Create checkpoint file if none is specified
# Needed to enable RESTART functionality
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else
Out_Chk_File="$INP_DIR/$INP_NAME.chk"
Local Chk File="¢$Local Directory/$INP_NAME.chk"
Inp_Content="%chk=$Local Chk File\n%nosave\n$Inp Content"
fi

# Find read-write file (RWF)

inp_rwf="$(/bin/sed -n -r 's/AM\s*%rwf\s*=\s*"?([*"]+)"?\s*$/\1/ip"' <<«
"$Inp Content™)"

inp_rwf="$(trim "$inp_rwf")"

if [ -n "$inp_rwf" ] ; then

# Locate RWF on disk
if [ -e "$inp_rwf" ] ; then

# Save absolute path

Inp Rwf File="$(/bin/readlink -e "$inp_rwf")"

Out_Rwf File="¢$Inp Rwf File"

Local Rwf File="¢$Local Directory/$(/bin/basename "$inp_rwf")"

# Create new RWF if non-existent
else

Out_Rwf_File="$INP_DIR/$(/bin/basename "$inp_ rwf")"

Local Rwf File="¢Local Directory/$(/bin/basename "$inp rwf")"
fi

# Update RWF path(s) in input

local rwf="$(esc_sed "$Local Rwf File")"

Inp_Content="$(/bin/sed -r 's/%rwf\s*=\s*.+\s*/%rwf=""$local rwf"'.
/ig' <<< "$Inp Content")"

# Create read-write file if none is specified
# Needed to enable RESTART functionality

else
Out_Rwf_File="$INP_DIR/$INP_NAME.rwf"
Local Rwf _File="$Local Directory/$INP_NAME.rwf"
Inp_Content="%rwf=$Local Rwf_File\n%nosave\n$Inp Content"
fi

# Some more infos needed for RESTART ...

# Determine whether CHK and RWF should be saved after job completion
(%nosave) as defined by user

1n_nosave="$(/bin/grep -ni '%nosave' <<< "$Inp Content" | J
/usr/bin/tail -nl1 | /bin/cut -d: -f1)"

1n_chk="$(/bin/grep -ni '%chk' <<< "$Inp _Content" | /bin/cut -d: -f1)"
1n_rwf="$(/bin/grep -ni '%rwf' <<< "$Inp_Content" | /bin/cut -d: -f1)"

test ! -n "$1n_nosave" && 1ln_nosave=0

if [ "$1n_nosave" -gt "$1n_chk" ] ; then save_chk=0 ; else save_chk=1

A
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fi
if [ "$1n_nosave" -gt "$1n _rwf" ] ; then save rwf=0 ; else save rwf=1
fi

HHHHEHHHHEHF A
# Copy all necessary files to the node ... #
HHHAHAHAHH A HAH AR

# Create temporary local directory on the node filesystem

/bin/mkdir -m 700 "$Local Directory"
cd "$Local Directory"

# Create appropriate Gaussian input (i.e. INPUT or RESTART file)

if [ ! -n "$SLURM RESTART_COUNT" ] ; then
# Create new temporary input file including local paths
echo -e "$Inp_Content\n" > "$Inp_ INP"
else
# Save RESTART input
echo -e "%rwf=\"$Local Rwf File\".
$(test "$save_rwf" -eq 0 & & echo -e "\n%nosave")
%chk=\"$Local_Chk_File\".
$(test "$save_chk" -eq @ && echo -e "\n%nosave")
%nproc=$INP_PROC
%mem=${INP_MEM}MB
#P Restart\n" > "$Inp_INP"
Out_File="$Local_Directory/$INP_NAME-$SLURM_RESTART_COUNT.log"
Inp Rwf File="$0Out Rwf File"
Inp_Chk_File="$0Out_Chk _File"
fi

sig=0
err=0

# Requeue if time limit is exceeded

trap "sig=1 ; echo \"$Script Name: Time limit exceeded\"
cd /local
/bin/rm -rf \"$Scratch_Directory\" # This will cause .

Gaussian to terminate

/bin/rm -f \"$Inp_INP\"
test -n \"$Inp Chk File\" && /bin/mv -f \"$Local Chk File\"
\"$Inp_Chk_File\"
test -n \"$Inp Rwf File\" && /bin/mv -f \"$Local Rwf_File\" .
\"$Inp Rwf File\"
/bin/mv -f $Local Directory/* \"$INP_DIR\"
/bin/rm -rf \"$Local Directory\"
scontrol requeue $SLURM JOB_ID && echo \"$Script Name: Job .
#$SLURM_JOB_ID was requeued\"
exit 1" USR1

# Delete local data if job is cancelled by user (scancel)



trap "sig=1 ; echo \"$Script_Name: Terminated by SIGTERM\"
cd /local
/bin/rm -rf \"$Local Directory\"
exit 1" TERM

trap "sig=1 ; echo \"$Script_Name: Terminated by SIGKILL\" ; cd .
/local ; /bin/rm -rf \"$Local Directory\" ; exit 1" KILL

# Copy CHK and RWF files to local directory

test -n "$Inp Chk File" && /bin/cp -f "$Inp Chk File" "$Local Chk File"
test -n "$Inp Rwf File" && /bin/cp -f "$Inp Rwf File" "$Local Rwf File"

# Set up Gaussian environment and execute Gaussian job

/bin/mkdir -m 700 "$Scratch_Directory”
export g@9root=/apps/Gausian

export GAUSS SCRDIR="$Scratch_Directory"
. /apps/Gausian/g@9/bsd/g09.profile

cd "$Local Directory”
goe9 <"$Inp INP" 1>"$0ut _File" || err=1

# Move results back to /data directory
if [ $sig -eq @ ] ; then

/bin/rm -rf "$Scratch_Directory"
/bin/rm -f "$Inp INP"

if [ -n "$Inp_Chk File" -a "$save_chk" -eq 1 ] ; then
/bin/mv -f "$Local Chk File" "$Inp Chk File"

elif [ "$save_chk" -eq © ] ; then
test ! -e "$Local Chk _File" -a -e "$Out_Chk _File" && /bin/rm -f
"$0ut_Chk_File"

fi

if [ -n "$Inp Rwf File" -a "$save rwf" -eq 1 ] ; then
/bin/mv -f "$Local Rwf_File" "$Inp Rwf File"

elif [ "$save rwf" -eq © ] ; then
test ! -e "$Local Rwf File" -a -e "$0Out Rwf File" && /bin/rm -f
"$0out_Rwf_File"

fi

/bin/mv -f $Local Directory/* "$INP_DIR"

# Delete all temporary files on node and in input directory
cd /local

/bin/rm -rf "$Local Directory"

/bin/rm -f "$INP_SCRIPT"

fi
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# Return exit code 1 if Gaussian ran into a problem

if [ $err -eq 1 ] ; then
echo "$Script_Name: Calculation failed; please check the Gaussian@9 .
log file for further information”

exit 1
fi

fi
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