This article was downloaded by:

On: 15 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Comments on Inorganic Chemistry
Publication details, including instructions for authors and subscription information:
C{}]]ffﬂ(fﬂfﬁ http://www.informaworld.com/smpp/title~content=t713455155

Silylphosphanes
G. Fritz?
* Institut fir Anorganische Chemie, Universitat Karlsruhe, Karlsruhe, FRG

To cite this Article Fritz, G.(1982) 'Silylphosphanes', Comments on Inorganic Chemistry, 1: 6, 329 — 360
To link to this Article: DOI: 10.1080/02603598208078103
URL: http://dx.doi.org/10.1080/02603598208078103

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww informaworld.conltermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi || be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713455155
http://dx.doi.org/10.1080/02603598208078103
http://www.informaworld.com/terms-and-conditions-of-access.pdf

13: 43 15 January 2011

Downl oaded At:

Silylphosphanes

The chemistry of silylphosphanes has developed during the past 30 years. Silyl-
phosphanes act as mild phosphorylating agents by means of Si-P bond cleavage
and are finding increasing application in chemical syntheses involving the transfer
of phosphido groups. Formation, cleavage and rearrangement reactions of silyl-
phosphanes are described in this Comment.

1. FORMATION OF H;Si-PH, AND ITS DERIVATIVES

The first hydrogen compound containing a Si-P bond was
H;Si~Ph, (bp = 12.7°C) prepared in 1953 by thermal decomposi-
tion of a mixture of SiHs and PH;.' At 400°C SiH. decomposes
through intermediates, yielding hydrogen and silicon, whereas
thermal decomposition of PHj is observed only beyond 550°C. The
first step in the decomposition of SiHy is

SiH,——SiH; + H. (1)
The following radical reactions

H + PH;——PH: + Ha,
(2)
Sng + PHz-—*H3SI—PHz
determine the pyrochemical formation of H;Si-PH, (450°C, re-
duced pressure). Formation of H3Si-PH; from the hydrogen deriv-
atives of the elements was later confirmed by electric discharge
experiments using mixtures of gaseous SiH and PH;.?> Formation
of H;Si~-PI; and other silylphosphanes is reported from treating
H;Sil with white phosphorus.’
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As the preparation of larger product quantities by means of pyro-
chemical reactions is quite tedious, polar Si and P compounds were
reacted in an attempt to favor formation of the Si-P bond by coin-
cident salt precipitation:

=8iX + MP{ ——>Si—P{ + MX; 3)
X =Cl, Br,I;, M = alkali metal.

In this manner Me;Si-P(C¢Hs); was prepared from MesSiCl and
NaP(C¢Hs),.* However, reactions of H;SiBr with KPH, yielded
(H3Si);P due to stepwise proceeding metallation of all PH groups.’
Silylphosphanes with functional groups at Si were first prepared as
illustrated in Eq. (3) from silicon halides and LiPEt; (Et = C,;H;)°
which is soluble in ether and obtainable as a pure compound.’ By
this method H.MeSi-PEt; (Me = CHj;), H3Si-PEt;, Me;CISi-PEt,,
CL,Si(PEt,),, CLI;Si-PEt,, e.g., were generated which served for in-
vestigations of the reactivity of SiCl, SiH and SiP groups in silyl-
phosphanes towards lithiating reagents.®

Silylphosphanes with one PEt; group which also contain the SiH
moiety readily react on with the LiPEt; originally employed for the
formation of the silylphosphane, yielding higher Si-phosphory-
lated compounds® without cleavage of Si-P bonds:

MeHSiPEt; + 2LiPEt, ——MeSi[PEt:]; + 2LiH. 4)

However, SiH containing silylphosphanes with several PEt; groups
react differently: Li/H exchange and formation of LiSi(PEt;); oc-
curs® as shown in Eq. (5):

HSI[PEt,]; + LiPEt,—— LiSi[PEt,}; + HPEt,. (5)

With Me;SiCl this compound forms Me;Si-Si(PEt,); quite as
expected.

The demonstrated difficulties in the synthesis of PH-containing
sitylphosphanes arising from metallation of the PH group could be
solved by developing a high-yield method for the preparation of
NaAIl(PH.),® after LiAl(PEt,)s had been found to be suitable for
transferring PEt, groups to Si.'° NaAl(PH,)s may easily be pre-
pared by reacting PH; with alkali metal in liquid NH; and after
removal of NH; by treating the formed NaPH; with AICl; in di-
glyme.’ Quite correspondingly, LiAI(PHMe)s® and LiAl(PMe,), !
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were obtained. These versatile compounds provided the prerequi-
sites for the synthesis of PH-containing silylphosphanes. H;Si-PH,
was prepared from H;SiBr and NaAl (PH3)s, Me3Si-PH;, Me, H, -
SiPH,;, CLH,Si-PH; (x + y = 3)° were generated as well as
F3Si-PH,."> Through LiAl(PHMe)s, derivatives such as Mes-
Si-PHMe became accessible which tend to rearrange, yielding (Me;-
Si)PMe and MePHj;. This type of rearrangement occurs most eas-
ily with H;Si-PHMe.” A convenient high-yield synthesis of
LiAl(PH;)s employs pure LiPH,-DME’ and AICl; in diglyme,
quite similar to the preparation of NaAl(PH).. Another less ad-
vantageous preparation of LiAl(PH;)4 is reported from reaction of
LiAlH, with PH;."”

2. CLEAVAGE OF THE Si-P BOND, AND APPLICATIONS
OF THE CLEAVAGE IN SYNTHESIS

The chemistry of silylphosphanes is based on the methods of Si-P
bond formation, of Si-P bond cleavage, and on the subsequent
stabilizations by cyclization or rearrangement reactions.

A. Si-P Bond Cleavages

Due to the electronegativities of Si and P as well as to the high
formation energies of Si-X (X = halogen), Si-O and Si-N bonds,
silylphosphanes can be expected to exhibit facile cleavage of the
Si-P bond and formation of the related silanes and phosphanes on
treatment with HX and halides, H,O and alcohols, NH; and am-
ines, respectively. The reaction possibilities of H;Si-PH; include
the typical reactions of the Si—P bond, of the Si-H and P-H bonds.
All silylphosphanes are sensitive to O,. During the first investiga-
tions of H;Si-PH; a variety of Si-P cleavage reactions was ob-
served as depicted below:""*

alkaline hydrolysis: HiSi—PH, + 4H,0 —2H.
Si(OH)s + 3H, + PH;;

acid hydrolysis: H;Si—PH, + H,0 —¥ - H;SiOH + PH;,
H;SiOH —E~H,, Si oxihydrides, SiHs;
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alcoholysis: HiSi—PH; + C,HsOH -8
H;Si—OC;Hs + PH;,
HiSi—OC:H; + 3C;H;OH R~
Si(OC:Hs)s + 3Hy;,  (6)
alcoholysis: H;Si—PH; + C,HsOH -H¢.
(HCD) H;Si—OC;H;s + PH;,
H;Si—OC;Hs——H,, SiH4,
SiH-containing alkoxypolysiloxanes;
liquid NHj: H;Si—PH, + NH;——
“HsSi—NH;” + PH;,
“H3Si—NH;"— SiH,
+ polymer SiH-containing SiN compounds;
HBr: H3Si—PH,; + HBr——H;SiBr + PH..

SiH- and SiCl-containing silylphosphanes rearrange' as shown in
Eq. (7):
2HCISI[PEt,}.—— H:Si[PEt,]; + CLSi[PEt,];,

(N
3H,CISi—PEt,—— 2H;Si—PEt; + Cl;Si—PEt,.
Because of Si-P bond cleavages
CI3Si—PEt; + H3Si—PEt, —— CL;Si[PEt;]; + H;SiCl, 8)

these are not reversible reactions. Also HSiCl; may serve to cleave
the Si-P bond":

HiSi—PEt; + HSiCl; ——HCI,Si—PEt, + H;SiCl )]
B. Silylphosphane Adducts and Phosphonium Compounds;
Formation of Cyclic B-P and Al-P Compounds

In organosubstituted silylphosphanes such as MesSi-PEt; the Si-P
bond is the only reactive bond. Reaction with Etl, and correspond-
ingly with HI, occurs as shown in Eq. (10) if an excess of Etl is
applied:

Me;Si—PEt; + 2EtI—— Me;Sil + (Et4P)L (10)

With equimolar amounts at —78°C initially adducts such as Me;-
Si-PEt;- Etl are obtained which react by cleavage of the Si-P
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bond.'® The ability to form phosphonium salts decreases with in-
creasing electronegativity of the Si substituents. Thus F3;Si-PH; is
found to form very weak adducts, and cleavage of the Si-P bond is
possible only with certain strong Lewis acids."

Formation of such adducts followed by Si-P bond cleavage pro-
vides a versatile method to generate new element-phosphorus
compounds which could be demonstrated with adducts of AICI;,
BF; or BCls, respectively.!” The colorless crystals of Me;Si-PEt,+
AICl; decompose on warming to yield Me;SiCl + (Cl,Al-PEt.)s,
and Me;Si-PEt; * AIH,Cl yields Me;SiH + (HCIAI-PEt,;)s.'” In an
analogous manner Me3Si-PEt;-BX; generates MesSiX +
(Et2P-BXa); (X = Cl, Br)."® Silylated transition metal complexes
also were observed to yield silylphosphonium compounds such as
[MesSiPMes]' [Co(CO)a]” or [(Me;Si):PMe;]" [Co(CO)s]” from Me;-
SiCo(CO)s + Me;P or Me;Si-PMe,."*

C. Cleavages by Means of the C-Cl Group and by Acid
Chlorides; Formation of P-C Multiple Bonds

Becker and Langer reported that O=CCl, at low temperatures
cleaves MesSi-Pph: (ph = C¢Hs) to form carbonic acid bis-
(diphenylphosphide)™:

O=CCl, + 2Me;Si—Pph,—— O=C(Pph,), + 2Me;SiCl.  (11)

a-Chloroylidenemalonitrilediphenylphosphane may be obtained as
reported by Issleib and Schmidt,”!

(NC),C=CCl, + ph,P—SiMe; ——
(NC),C=C(CI)Pph: + Me;SiCl, (12)

and a-aminoylidenemalonitrilephosphanes may be generated from
1-amino-1-chloro-2,2-dicyanoethylene and silylphosphanes®":
(NC),C=C(NH;)CIl + Me;Si—Pph, ——

(NC),C=C(NH,)-Pph; + Me;SiCl. (13)
Transfer of a PR group also was used in the following reaction®":
2(NC),C=C(R)CI + phP(SiMe;); ——

[(NC)C=C(R))Pph + 2Me;SiCl. (14)

Cleavage of silylphosphanes by means of acid chlorides provides a

333



13: 43 15 January 2011

Downl oaded At:

method to prepare the related acid phosphides by transfer of the
phosphido group® as shown in Eq. (15):

aryl-COCl + Me;Si—P(CsHs),

aryl-CO—P(CsHs), + MesSiCL. (15)

By treating Me;Si-Pph, with oxalyl chloride, oxalic acid bis(di-
phenylphosphide) was generated, with phthalyl chloride also the
related diphosphide, and in an analogous manner also squadric
acid phosphide could be obtained.”

The versatility of the Si-P bond cleavage and the subsequent
stabilization reactions was nicely demonstrated by Becker and co-
workers.” Their synthesis of the P-C double bond starts with a
Si-P cleavage in RP(SiMes), with Me;C-COCI,

/SiMe3 CO—Me;
R-—P\ + Me;C—COCl —— R—P\ + MesSiCl,  (16)
SiMC3 SiMC}

to generate the keto derivative which on warming rearranges to
form the P-C double bond:

CO—MC; R O—SiMC;
AN
R—P” . p=" (17)

AN
SiMe; \CMC3
Quite similarly (Me3;Si);P is cleaved:

SiMC3
(MesSi);P + Me;C—COCl —— Me3C—CO—P\ , (18)
SiM€3

and rearrangement of the intermediate yields

Me;Si\PVC/O-——SiMm
TN
CMe;

This derivative may eliminate (Me;Si);0 (catalyzed by solid
NaOH) to form Me;C~C=P according to recent investigations of
Becker.”

A similar reaction principle was utilized by Issleib and co-
workers’® as well as by Appel and co-workers®’ in their investiga-
tions of the formation of molecules incorporating the P-C double
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bond. As reported by Issleib®® the reaction of phP(SiMe;); with
R-N=CR'CI starts with cleavage of the Si-P bond which is fol-
lowed by a rearrangement step:

}lz,
SiMe; /Cl C=N-—R
CsHsP\ + R——N:C\ —— MC3SiC1 + CsHs—P\
SiMes R’ / SiMe;
R/
| R
CsHs—P=C—N{ (19)
SiMe;

The reaction of phP(SiMes), with COCI, as reported by Appel” in
its first steps takes place as depicted in Eq. (20) to yield (a) which
reacts with COCly:

0}

I
SiMe; CCl

CsHs—P\ + OCCIZ —_— C5H5P/ ‘+‘ MC;SIC]
SiMe; SiMes

|

OSiMes

C6H5—P:C + CgH;—P
AN AN
Cl SiMe;

SiMe;

/OSiMCJ
CaHs—P=C{__SiMes (a)
P\ (20)
CsHs

The reaction of phP(SiMes); with R-N=CCl; proceeds through a
similar cleavage and rearrangement mechanism.”

These cleavage reactions of the Si-P bond in silylphosphanes are
caused by the favored formation of silylhalides. The observed rear-
rangements have to be attributed to the high stability of the newly
formed Me;Si-O or Me;Si-N groups.
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D. Cleavages by Means of Perchlorinated Carbosilanes;
Formation of Ylides

Further examples for the exploitation of Si-P bond cleavage and
subsequent stabilization reactions of the initially formed interme-
diates are provided by the following reactions.

(ClL:Si-CHj;); can be phosphorylated by means of MesSi-PMe,,
and treatment of (HBrSi-CH;); with three moles of Me;Si-PMe,
produces [(Me;P)HSi-CH,];.”° The Si-P cleavage proceeds from
the SiCl group. In perchlorinated carbosilanes as (Ci;81),CCl; or
(CLSi-CCly)s the reactivity of the CCI group is considerably en-
hanced and can be used for a quantitative cleavage of the Si-P
bond as was demonstrated in reactions of Me3;Si-PMe; with
(C18i),CCl; and (CLSi-CCly); 3"

ChLSi
(CLsSi),CCL, + Me;Si—PMe; —— /:(::;PMeza Q@)

CLSi

Instead of the initially formed intermediate containing a >C(Cl)-
PMe; moiety (tetrahedral coordination of the C atom), which is
not a stable compound, the ylide is generated by quantitative rear-
rangement. An x-ray structure determination as well as a >'P NMR
study show the planar arrangement of the molecule (sp® hybridiza-
tion) and a significant shortening of the Si-C distance to 177 pm
from a norm of 190 pm. Quite correspondingly, (Cl:Si-CCly)s
reacts as shown in Eq. (22}

cl
L, 5I|>5Me2
C Ch
cLsi”sich cisi”sicl,
I I + 3 Me;Si—PMe; — A l: ,
cLC_ CCl, CIMe:PZC_ CUPMecCl
\ ‘/ ~~~~~ h KRR
si Clf
Cly (22)

Formation of the ylide which occurs subsequent to the cleavage
forces the six-membered ring of the starting molecule to rearrange
from the chair form to the planar form.?' The same products result
from treating the appropriate starting substances with LiPMe,. The
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above drawing was chosen to express the observed bond shorten-
ing and the missing ionic character of the product.
E. Insertions into the Si-P Bond

The reactivity of the Si-P bond allows for insertions of carbonyl
compounds as demonstrated in Eq. (23)*%

I
Me;Si—Pph, + CO;—— Me;Si—O—C—Pph,. (23)

Also H;C=C=0 may be inserted, and the reaction with (F;C),CO
proceeds as shown in Eq. (24)°%

CF;
Me;Si—Pph; + (F3C),CO —— pth—(|Z——O—SiMe3 L (24)
¢,
Further examples are given in Eq. (25)°%
PEt,
Me;Si—PEt; + Me;Si——g—CgHs —— MeiSi—C—CCs ,
OSiMe;
Me:
/Sl
MeSi—P_ + Me,Si—ﬁ—-cmS N\ gfsp (25)
CeHs o} Me:si”  CeHs
Me:
O/Sl
o
H5C6/ \C6H5

The following reactions of diketones have been reported™:
CH;
Me;Si—PEt; + H;C—C—C—CH; —— Me3Si—0—C—C—CH3,
Il bee,
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PEt,
Mezsi-—o——(':——-ﬁ—CHs 40%)

PEt; CH; O
PEt, PEL
Me,Si + H;C—C—C—CHj; - MeSi | —-O—C—C—CH; | (45%),
\PEtz ] I
0O O CH; O N
PEt,
O——C<
CH;
Me;Si
O———C\
PEt;
PEt,
Mez?i-——PEtz + H;C—ICI——ﬁ—CHs — Mez?i-O—?——ﬁ—CHg
H 0O O H CH; O
PEt; CH;
0] C/ O———C{
H:PICl, . ChH; / PEt;
Meﬁl\ + Mezsl\
CH3 CH3
/
o0—C. O—C/
H H

Formaldehyde reacts as shown in Eq. (27)%;

SiMe; CH,—0—SiMe;
HsCo—P_ + 2 H,C=0 —— H;Ci—P (27)
SiMe; CH,—O0—SiMe;

Dimethylformaldehyde undergoes a similar reaction as depicted in
Eq. (28)*:

Me:N H
SiMes O\ /\C—/——vO—SiMeg
H5C——P\ + /C——NMez — { HC—P
SiMCg H SiMe3

/Mc‘smo
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H;C—P
>C——NMez . (28)

3. P-METALLATED SILYLPHOSPHANES

A. Metallation of Silylphosphanes with PH Groups

Silylphosphanes with PH groups as Me;SiPH; or H;Si-PH; may be
metallated by LiPEt, without cleavage of the Si-P bond,*

HiSi—PH; + 2LiPEt;—— H;Si—PLi; + 2HPEt;, (29)

and subsequently Li may be diplaced by CH;Cl to yield
H;Si-PMe,. Compounds of the type Hi-;Me,Si~PHLI are accessi-
ble by treating PH-containing derivatives with LiPHMe **:

H;Si—PH, + LiPHMe —— H3Si—PHLi + MePH,, (30)

which undergo disproportionation at room temperature in ether
solutions as shown in Eq. (31):

2H;Si—PHLi—(H,Si),PLi + LiPH.. (31)

With AICl; the monolithiated derivatives produce compounds of
the type shown in Eq. (32):

4H;SiPHLi + AICl;—— LiAl(PHSiH3), + 3LiCL (32)

B. Cleavage of the Si-P Bond

In silylphosphanes as H3SiPEt; the SiH group may be substituted
by LiPEt,. Lithium alkyls, however, cleave the Si-P bond®:

HSi(PEt); + LiMe —— MeSiH(PEt,), + LiPEt.. (33)

This Si-P cleavage by lithium alkyls may be applied to (Me;Si);P
and goes fairly completely at —40°C in DME*":

(MesSi);P + BuLi—>(Me;Si),PLi- DME + BuSiMe;. 34)

A related cleavage of (MesSi);P in DME is also possible with
LiPEt; or LiPHMe at 0-20°C. Cleavage of a second Si-P bond to
produce the dimetallated silylphosphane does not occur. The ether
free lithium phosphide is accessible in hydrocarbon solution:
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cyclopentane

(Me;Si),PH + BuLi (MesSi),PLi + BuH. (3%5)

pentane

(MesSi),PLi is a white crystalline compound which ignites spon-
taneously in air.

4. REACTIONS OF (MesSi),PLi-2THF WITH HALIDES OF
MAIN GROUP ELEMENTS, AND REARRANGEMENTS
OF THE NOVEL PHOSPHANES

(MesSi);PLi-2THF is a most versatile source of the (MesSi),P
group which may be transferred easily to halides of main group
elements, and, by the various reaction possibilities of such novel
phosphanes, provides many interesting opportunities in the chem-
istry of silylphosphanes. As an example the reactions with
(Me;N)BCl, *® are shown:

(MesSi),PLi+ 2THF + (Me;N)BCl, ——
(Me;Si),P—B(NMe,)Cl + LiCl + 2THF,

2(Me;3Si),PLi+ 2THF + (Me:N)BCl, —
[(Me3Si);P].BNMe, + 2LiCl + 4THF.

The last product rearranges thermally:

NMCz

B
/N
[(MC)Si)zp]zBNMez —_— MC;SiP\ /PSIMC; + 2(MC;Si)3P . (37)

B
NMCz

Similar to the formation of (Me;Si),PLi<2THF, derivatives with
SiH groups such as (Me;HSi);PLi- DME may be prepared. This
substance was treated with (Me,;N),BCl:

(MCzHSi)zPLi DME + (Me;N),BCi ——
(Me;HSi);P—B(NMe3); + LiCl + DME. (38)

At elevated temperatures the following rearrangement occurs >’
3(M62HSi)2P—B(NMCz)z_—"2(MCzHSi)3P + [(MCzN)zB];P. (39)

The reaction of (Me3Si),PLi-2THF with CH,Cl; is shown in Eq.
(40):
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2(MesSiy,PLi- 2THF + CH.Cl;—— [(Me:Si).P];CH; + 2LiCl;, (40)
and with Me,SiCl; in Eq. (4)):
2(Me:Si);PLi-2THF + Me;S8iCl;— [(Me;Si).P]:SiMe; + 2LiCl.  (41)

Slow formation of (MesSi);P at 20-60°C indicates a gradual de-
composition of the latter compound, whereas short-time thermoly-
sis at about 220°C renders complete rearrangement:

Me;
Si

2[(Meisl)2P]zslMez 4 MC;S!P PSIMC3 + 2(MC3SI)3P . (42)

N
Si/

Me:

On prolonged thermolysis (38 h, 200°C, sealed tube) an additional
rearrangement again eliminating (MesSi);P yields (Me:Si)sPs, a silyl-
phosphane with adamantane structure.***' This obviously very fa-
vored crystalline compound (stable beyond 400°C in a sealed tube)
i1s very commonly generated in a number of similar reactions as
demonstrated in Eq. (43):

AT

[(M€3Si)2p]zsiMCz Wc,Si);P

ar

(MesSDP—SiMeCl —21
—Me;SiCl
Me:Si(PH,); —— P
Me,Si SiMe,
. AT :
(Na/K);P : 1\1}\I4essslcc11 — ‘SlMez | @
€
251C 12 P_ \MCZ/P
P Si /

Just as expected (Me3Si);PLi1+2THF reacts also with phosphorus
compounds such as CIP(CsHs)2 and CIPMe; to produce (MesSi)z-
P-P(CsHs); or (MesSi),P-PMe,.”’
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Of particular interest are the reactions with MePCly, CsHsPCl,
and -BuPCl; (+-Bu = t-C4H9),42 an example of which is shown in
Eq. (44):

2(MesSi);PLi-2THF + MePCl; —
[(Me;Si).P].PMe + 2LiCl + 4THF. (44)

Both [(MesSi);P],PMe and [(Me;Si),P],PC¢Hs form colorless crys-
tals, and tend to give cyclic phosphanes at 120-130°C. Thus, mix-
tures of (Me;Si);P, (Me3Si),PH and of variously substituted five-
membered P rings such as Ps(SiMe;);Me;, Ps(SiMe;s);Mes and
Ps(SiMes)Mey may be obtained (120°C, 60 h) from [(SiMe;):P).PMe,
and at even higher temperature (170°C, 60 h) P;(SiMes); and
P;(SiMe;):Me are also generated. [(Me3Si);P];PCsH; reacts in quite
an analogous manner.

The reaction of (Me3Si);PLi-2THF with ~BuPCl, in pentane
proceeds as illustrated in Eq. (45):

4(Me;Si),PLi- 2THF + 2/-BuPCl, ——
2(Me3Si);P—P(1-Bu)—P(SiMes); —

Me;Si t-Bu
N
Pt
P-P\ + 2(MesSi)P . (45)

t-Bu/ SiMe;
Subsequent photolysis mainly produces mixtures of five-membered
P rings such as Ps(SiMe;)s(7-Bu),, and prolonged irradiation pro-
duces both higher molecular compounds with even more P atoms,
as Py(-Bu);, and (Me;Si);sP. In a mole ratio of 1:1 (MesSi):-
PLi- 2THF reacts with -BuPCl, as depicted in Eq. (46) **

(Me3Si);PLi-2THF + -BuPCl; ——
(MesSi),P—P(s-Bu)Cl + LiCl + 2THF 22,

t-Bu
| +-Bu t-Bu
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MesSi, P/t-Bu
+ | 4 (MesSi)sP + MesSiCl . (46)

/ AN
t-Bu SiMe;

Also the reaction with Me:N~PCl,*® takes a similar course, and
again (MesSi);P is formed in side reactions.

2(Me3Si),PLi - 2THF + Me;N—PCl, ——
(Me3Si);P—P(NMe)—P(SiMes); + 2LiCl + 4THF -2
(Me3Si)2P\ SiMe;
[ + 2Me;Si—NMe,. (47)

Ve N
Me;Si P(SiMes),

Further P-functional silylphosphanes may be prepared from (Me;-
Si),PLi-2THF and PCl; at —78°C in cyclopentane. The reaction
sequence is given in Eqs. (48):

(MesSi),PLi - 2THF + PCl; ——>(Me3Si),P—PCl, + LiCl,

(MesSi),P—PCl; + (Me;Si),PLi - 2THF —>[(Me;Si);P],PC! + LiCl,

[(Me3Si),P),PCl + (Me;Si),PLi- 2THF ——> (48)
[(Me:Si);Pl.P—P(SiMe;); + LiCl,

°C
[(MC:Si)zP]zP—P(SiMCJ)zLZ(Megsi)gp + 2P.

Attempted trapping of products containing PCl groups by
means of f~-BuLi mainly results in the formation of [(Me;Si),P],PH
which may be isolated as white crystals:

[(Me;Si);P],PCl + MesCLi ——[(Me;Si);P;PH + Me;C=CH, + LiCl.
(49)

In a remarkably different reaction (Me;Si);PLi+2THF with PCl;
and an excess of 7-BuLi generates at 20°C among other compounds
the four-membered ring (Me;C);P4(SiMes), (Me;Si);P and LisPs.
The reactions of (Me;Si);P with PCl; as summarized in Eqs. (50) %’
start at —78°C with cleavage of the Si~P bond:
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(Me3Si);P + PCl;— (Me;Si);P—PCl; + Me;SiCl,

(Me;Si),P—PCl; + Me;CLi —— (Me;Si),PLi + Me;C—PCl,,
(MesSi),PLi + (Me;Si);P—PCl,—>[(MesSi),P],PCl + LiCl, (50)
Me;C—PCl, + (Me;Si);PLi —— (Me;Si),P—PCI(CMes) + LiCl,

[(Me;Si),P],PH + Me;CLi + Me;SiCl —
[(MC3Si)2P]2PSiMC} + MC;CH + LiCL

and on addition of ¢-BulLi also cleavage of the P-P bond occurs to
give (MeiSi),PLi and Me;CPCl,. The following steps are quite
common reactions and lead to the denoted compounds. The reac-
tions of transition metal complexes with silylphosphanes are dealt
with in Section 6.

5. REARRANGEMENT REACTIONS OF
SILYLOLIGOPHOSPHANES INDUCED BY
P METALLATION

The cleavage of (Me;Si);P with z-BuLi in THF yielding (Me;Si),-
PLi- 2THF (isolable as colorless crystals)’’ delivers a most valuable
synthetic intermediate. When this method is applied to (Me;Si),-
P-P(SiMe;): the reaction takes the same course:

(MesSi),P—P(SiMes); + -BuLi ——
(MesSi),P—P(Li)SiMe; + MesSi—¢-Bu, (§1)

but the lithiated derivative cannot be isolated. Instead (MesSi);P,
(Me;Si),PLi, LisP; ** and further, as yet not fully identified species
appear as reaction products. A series of *'P NMR spectra recorded
at increasing temperatures from —80-20°C reveals the course of
the reaction* which initially is determined by the lithiation step
shown in Eq. (51). (Me;Si),P-P(Li)SiMe; then reacts to form
(MesSi);P, (Me;Si),PLi and LisP;, and there are indications for
another precursor of LizP;. That indeed the lithiated diphosphane
initiates the observed rearrangement is proven by the reaction of
(Me;Si)zp-‘PHSiMB3!

(MesSi),P—P(H)SiMe; + -BuLi—
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(MesSi),P—P(Li)SiMe; + r-BuH

|

(Me;Si)sP + (Me;Si),PLi + LisP;, (52)

which is found to proceed analogously.

It is interesting within this context to note that [(Me;Si)P]:PH
with t-BuLi in pentane solution generates conveniently isolable
[(Me;Si);P],PLi, which easily may be substituted by methylchloride
or trimethylchlorosilane*:

[(Me2Si),P],PH + r-BuLi

n-pentane

[(Me3Si).P);PLi + r-BuH (53)

MV wsm

[(Me;Si),P1.PMe [(MesSi),P],P—SiMes

A significantly different behavior is observed if polar solvents
such as DME are employed.** Colorless crystals of LisP; and of
(Me;Si),PLi- DME precipitate after concentrating the reaction
mixture, and (Me;Si);P as well as a red greasy residue remain. As
indicated by variable-temperature *'P NMR, [(Me;Si),P],PH in-
itially is lithiated by -BuLi in THF solution, e.g., to give [(Me;-
S1);P];PLi. This rearranges to (Me;Si);P-PSiMe;~P(Li)SiMes, which
generates (Me3Si);P, (MesSi).PLi and an oligophosphorus species.
This still unidentified intermediate eventualily is used up to form
LisP7, (Me;3Si),PLi and (MesSi);P. Isomerization by Li/(SiMe;) mi-
gration is deemed to be the determining reaction in the observed
sequence. Another silylphosphane, [(Me;Si):P}:PSiMe; treated
with n-BuLi under same conditions, provides certain proof for this
reaction step.** For statistical and steric reasons at first a terminal
P atom is lithiated:

MesSi, ?lMeS/SiMn  MesSi,_ SiMes 14
P—P—P Buli, P—P—P + BuSiMe; . (54)
Me;Si SiMe; Me;Si SiMes

This intermediate reacts further as previously described to produce
(MesSi);P, (Me;Si),PLi and LisP;. These results prompted investi-
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gation into whether the Me;Si groups in (MesSi);P; might succes-
sively be displaced by t-BulLi to yield eventually LisP, i.e., without
cleavage of the P; skeleton. Detailed studies hint at a quite compli-
cated mechanism** and indicate that the primary lithiation product
Li(Me;Si);P7 in a not yet fully elucidated manner reacts to yield
eventually LisP; as well as (Me3Si);PLi and (Me3Si);P.

Each of the oligophosphanes (Me;Si)sP2, [(MesSi).P).PH, [(Me;-
S1);P):PSiMe; and (MesSi);P; in DME solution with lithiating rea-
gents finally yields LisP,, (Me;Si);PLi and (MesSi1);P besides small
amounts of a red solid which is mainly composed of red phospho-
rus. Obviously, the first lithiating attack determines the following
rearrangement reactions via formation of in some cases short-lived
intermediates. The formation of (Me;Si);P observed in any of the
mentioned cases is due to desilylation of starting or intermediate
compounds, and thus causes formation of new P-P bonds. (Me;Si),-
PLi is formed in lithium-exchange and cleavage reactions, both of
which undoubtedly play a determining role. It should be empha-
sized that quite general importance has to be attributed to the
above described reactions.

6. CYCLIC SILYLPHOSPHANES

Whereas the chemistry of simple silylphosphanes has been contin-
uously developing for many years there is only relatively modest
knowledge available on cyclic silylphosphanes. Even though as
early as in 1959 the formation of cyclic silylphosphanes from the
reaction of lithium phosphides with (HsC;);SiCl, was claimed,*
investigations in this area cannot be regarded as complete. Schu-
mann and Benda*’ reported the formation of (ph.Si-Pph), and
(phaSi-Pph); from ph,SiCl; and K,Pph (ph = CsHs). West and co-
workers*® extended this reaction principle to the preparation of
novel cyclic compounds,

phPLi, + CI(SiMe,),C1 25, (S\iM/ez)n , n=1456, (55)
P
ph

but found Ci(SiMe;).Cl and Ci;SiMe; to react in a slightly different
way:

346



13: 43 15 January 2011

Downl oaded At:

i ~——q:._—P
2phPLI; + 2CI(SIMensCl s PN i TSN (56
P ~—— ph
Me, SiMe;
Mez
Si
AN
phPLi; + CI,SiMe, —THE __, phP Pph
—40°C N/
Si
Mez
(57)

Elevated temperatures favor the formation of larger ring sizes. The
following equilibrium reaction is reported to occur at 150°C:

150°C
(phP—SiMe;); —=(phP—SiMe)s. (58)

Baudler and co-workers*’ studied the synthesis of diphosphasili-
ranes which proceeds at —40-20°C as shown in Eq. (59),

I-Bu\P P/t-Bu
N..”
K(#-Bu)P—P(#-Bu)K + R,SiCl; —— /Sl\ , R=Me, ph (59)
R R

but which at slightly elevated temperature (up to 36°C) gives lower
yields of the three-membered ring compound in favor of larger ring
sizes as depicted below:

MCz
[Bu—F Si__ +Bu_ tBu
P -Bu—P P—i-Bu op—p
+-Bu—P P—r-Bu | \ Me.Si SiMes
Si +-Bu—P _P—tBu \P/
Me; Si l
Me, t-Bu

Another cyclic Si compound incorporating a hetero P atom may be
prepared as demonstrated in Eq. (60):
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Li(SiMe)Li + phPCl; — | | (60)

pthi\ /Siphz
P
ph
Rearrangements of silylphosphanes containing the PHMe group®
2Me; HSi— PHMe ——(Me,HSi1);PMe + MePH,; 6

provide a further entry into the chemistry of cyclic silylphos-
phanes. A four-center mechanism appears to account for the for-
mation of these compounds. Introduction of two PHMe groups as
in the attempted preparation of Me,Si(PHMe); results in such rear-
rangement reactions’':

3Me;SiCl; + 6LiPHMe ——> (Me,Si—PMe); + 3MePH, + 6LIiCl.  (62)

(MeHSi-PMe); may be prepared similarly.

Bulky substituents apparently give rise to different reaction
pathways. (Me;C),SiCl; and LiPHMe generate the four-membered
ring [(Mes;C):Si-PMe], whereas Me,SiCl, and LiPHCMe;®' pro-
duce Me;C-PH; and

CMe; P CMe
PHCMe; PN Mesi” ) >Sp7
Me:si{ + Messi{_SiMes + | SiMe. |
PHCMe; P /P\\ SiMe,
CMe; MesC P

The bulky Me;C group permits isolation of Me;Si(PHCMe:),
which is found to rearrange thermally:

PHCMe;

/
2MezSi\ — 2Me;C—PH; + (Me:Si—PCMe;s)s, (63)
PHCMC3

as was shown by a study of formation reactions of the cyclic com-
pounds.
The dilithium derivative of Me,;Si(PHCMes;)2,

Me,Si[PH(CMe»)); + 2n-CsHsLi ——
Me;Si[PLi(CMe3)]; + 2CiHypo, (64)

may be employed in a variety of synthetic reactions.”'

348



13: 43 15 January 2011

Downl oaded At:

MeSICL , Me,Si[P(SiMes)(CMes)

CMes CMe;
P—Li PN
Me:Si — (CHISICR Me:Si{  Si(CeHs),
o Ir
CMC] CMC3 (65)
Me;(f C}Me3
P P
SiCl, NSO
Me,Si St SiMe,
/s
\}I)/ \f"
CMe; CMe;,

The well known cleavage reactions may be applied to the above
described cyclic silylphosphanes,

Me, Me Me
Si P SiMe;—PLi
MeP\ SiMe; + 2LiMe —— Me—P . (66)
Si P SiMe,—PLI
Me; Me Me

and the lithiated species may be isolated as crystals containing two
moles of DME,

Dodecamethylhexasilatetraphosphaadamantane (Me:;Si)sP4 al-
ready was mentioned as an example of a polycyclic silylphosphane.
(Me;Si1)3P;, another member of this class of compounds, is gener-
ated together with (Me3Si)3P from white phosphorus, Na/K alloy
and Me;SiCl, and forms colorless crystals.”

P

Me3SiP// > psiMes

The structure of this molecule is ascertained by >'P NMR studies as
well as by x-ray structure determination.’® In the same reaction
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some higher order silylphosphanes are produced which to date
have not been fully identified.

Cleavage of P, with Na/K alloy followed by addition of Me;SiCl,
to the reaction mixture yields hexamethyltrisilatetraphosphanortri-
cyclene (Me;Si);Ps which also forms colorless crystals®:

P
Me;Si// \SiMez
\ SiMC) /

P\ —P
Ny

7. SILYLPHOSPHANES IN TRANSITION METAL
COMPLEXES

Of course, silylphosphanes are capable of reacting in various ways
with transition metal complexes. One possibility is to employ the
electron pair on the P atom of the silylphosphane directly to form
the bond to the transition metal center. By reacting a transition
metal complex halide with a silylphosphane through Si-P cleavage
a phosphido group may be introduced. Furthermore, by treating
complex halides with LiP(SiMe;); the (Me;Si),P group may be in-
corporated into the transition metal complex, which may be trans-
ferred to P-functional complex compounds by subsequent Si-P
cleavage. All of these possibilities have been realized recently and
offer further opportunities for development in the future.

A. Silylphosphanes as Ligands in Transition Metal Complexes

The first transition metal complexes incorporating silylphosphane
ligands such as (Me;Si);P or R,P(SiMes);-, were reported by
Schumann and Stelzer.>® Further complex compounds with Si-sub-
stituted P-coordinated ligands such as (CO)sCrP(CsHs)(SiMes); ¥
generated from Cr(CO)s and (Me;Si);PCsHs, or (CO);NiP(SiMes);
generated from Ni(CO)s and (Me;Si);P*® are known. Also the for-
mation of the following compound was described*:

350



13: 43 15 January 2011

Downl oaded At:

i h
phzs;_\ljp//Siphz
ph PP >0,
\phf//
Mo
(CO)s

Johannsen and Stelzer® reported the preparation of cis-Mo(CO),-
(phHP-SiMe;); from cis-Mo(CO)«(phPH;), by metallation with
BuLi and subsequent treatment with Me;SiCl, which could be
transferred to the following cyclic phosphido complexes:

cis-Mo(CO)s(phPH-—SiMe;), ph\ /SiMCs
i /P\
CmTich: cis(CONMo__ TiCp;
2 MelLi P
7 N
_100c ph SiMe;
Me;Si\ /SiMe;

¢is-Mo(CO)(phPLi—SiMey), P2k, cis-(CO)4M0< >2GC2 ©7)
P
Messi”  SiMe,

ph\P/SiMea
. /N
cis-(CO)Mo SiMe,
\P/
N,
ph/ SiMe;

Me,S8iCh

The behavior of the compounds L = Me;X-SiMe,CH,-XMe:
(X = N,P) as ligands in reactions with the transition metal com-
plexes Cr(CO)s and Mo(CO)s was studied. Me;N-SiMe,CH;-PMe;
was found to form compounds as (CO)sCrPMe,-CH,SiMe,~-NMe;
(decrease in the basicity of the N atom due to interaction with the
adjacent Si), whereas both Me,P-SiMe,CH,;-NMe, and Me,P-Si-
Me,CH,-PMe; generate chelate complexes (CO)sML.*
Me,Si{P(8iMe;)CMes], with Ni(CO), produces
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MCz Me.

q N
Me;C\ / \ /CMe; ) Me3C\ y 1\ /SlM(,}
an
7\
Me;Si Ni SiMe; M€3Si Ni CMe;

and the four-membered ring (Me;Si-PCMe;); with Ni(CO)4
generates

Me;C\ /NI(CO)a Mﬁz
'/P\ . (CO)3N1\ / CM€3
Me281\ /SlMez and /P\ P\
Fl’ Me;C 81 Ni(CO)s,
CMC3 Me2

Hexamethyltrisilatetraphosphanortricyclene {(Me,Si);Ps with Mo(CO)s,
Cr(CO)sTHF or Mn(n-CsH;s)(CO), THF forms compounds of type A
below, e.g.; however, with Mn(n-CsHs)(CO), THF type B® also may
be achieved. Type C is accessible with an excess of Cr(CO)sTHF®*:

Cl‘r(CO)S
Me:Si / SiMe»  MesSi / SiMe;  MeoSi / SiMes
\ $iMe: / \ $iMe, / \ $iMe, /

P—\——P P—\—P P—\—P
N s N 7
\P/ Cr CpMn ™~ /CpMn Cr \P/ \Cr
(CO)  (CON (CO) (CO)s (CO)s
A B C

The reaction with tetracarbonylnorbornadienechromium(0) yields
D.® C¢HsCr(CO); or (CHT)Cr(CO); (CHT = cycloheptatriene)
yields E, which is also accessible by warming of A®:
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1\
\/P/ \P\/ P~ K /ch-'T/P\
\
(CO)CY Cr(CO). ' St
/ AR
P
/ \P/P\\, /P
Me,Si | SiMe; P\\\
SiMe;, / i1
| Me,Si” SiMe,
P N
P SiMe,
D E

It should be emphasized that under comparable experimental con-
ditions no analogous compounds of (Me:Si);P; can be obtained.

B. Reactions of Transition Metal Complex Halides with
Silylphosphanes and LiP(SiMes),

Me;Si-P(CsHs); was utilized to transfer the phosphido group to
(CO)sMBr (M = Mn,Re)"":
2(CO)sMBr + 2Me;SiP(CeHs); —

[(CO)sMP(C¢Hs):]: + 2Me;SiBr + CO.  (68)

By treating (CO)sMnBr with (Me;Si);P Schafer achieved the for-
mation of bridged P-functional manganese carbonyl complexes®”:

(CO)sMnBr + (Me3Si);P ——

M€JSi SiMC3
P

SN/
°S 7\

(CO)sMn Mn(CO);s + Me;SiBr + 2CO . (69)

B

In this derivative CH3OH cleaves the Si-P bonds to yield
H,
P
(CO)4Mn/ \Mn(CO)4

\Br/
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which may be prepared also directly from (CO)sMnBr and Mej-
Si-PH; and which is converted to

Ch
/ P\
(CO)4Mn\ Mn

/
Br

by CCl..

The reaction of Cp(ph;P)NiCl with LiP(SiMes), produces a Ni
complex compound incorporating a terminal phosphido group,

Cp(phsP)NiCl + LiP(SiMe;): —— Cp(phiP)NiP(SiMes):, (70)

which in several steps reacts with Ni(CO), (displacement of Pph;
by CO) to form

(SiMes )z
P
7N\
CpNi NiCp .
p I\P/ iCp

(SiMesh

In a quite remarkable reaction this derivative is transformed by
CH;0H to (CpNiPHa3)s,

3[CpNiP(SiMe;):): + 12CH;0H ——
2[CpNiPH,]; + 12Me;Si—OCH;, (71)

apparently through (CpNiPH;), as an intermediate.

(R3P);NiCl, with LiP(SiMe;); initially produces (R3;P):NiCl
P(SiMes;); and (R;P):Ni[P(SiMes):}. and after elimination of
(Me;Si)P also crystals of

SiMe; Me:Si.  SiMes
R:P p” Np/
NS N
NI ‘ and  RP—NiZ— Nie—PR; .
R;P N N
SiMe; Me;Si SiMCJ
(a) (b)

Both of these compounds are well established by NMR studies®’
and by x-ray structure determinations.”® Compound (b} is one of
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the first unequivocally ascertained Ni(I)-phosphido-phosphane
complexes. P(n-Bu)s, PEt; and PMe; have been employed as li-
gands in such complex compounds.® In compound (a) Ni is nearly
square planar coordinated, and an unusually short P-P distance of
214.8 pm was observed. This bond shortening may point to a small
double bond contribution which can be rationalized by the follow-
ing mesomeric formulas:

/SiMC3 SiMC3
(H;C2)P /’P (HsCa)sP 0 P
/Nl\ — /Nl«— (72)
(HsC,):P \P\ (HsC,):P \P\
SiMe; SiMes

1 I

The structure of II corresponds to the analogous Ni(0)-ethylene
complex (phsP)NiC,H, which shows great similarity with respect
to the coordination.”

The compounds Cp(CO),FeX (X = Cl, Br) with LiP(SiMe;);
form Cp(CO).FeP(SiMe;),, which incorporates a terminal P-func-
tional phosphido group.“ With Ni{(CO), or Fe)(CO)s this deriva-
tive yields, respectively, the products depicted in Eq. (73):

o Cp(CO)Fe[ u-P(SiMe;): [Ni(CO)s
Cp(CO),FeP(SiMes) A73)
Foicon Cp(CO),Fe[ u-P(SiMe;), ] Fe(CO)s4
UV irradiation initiates the transformation from a single bridged
phosphido complex to a double bridged species (u-CO):

M63Si /SiMC}

X
Cp(CO),Fe[ u-P(SiMes), ] Fe(CO)y 24 Cp(CO)Fe\—/Fe(CO); + CO. (74)
C
0

Cleavage of the Si-P bonds in the single bridged derivatives with
CH;OH yields Cp(COY:Fe(u-PH;)Ni(CO); and Cp(CO);Fe(u-PHa)-
Fe(CO)s.”* Compounds of this type are also accessible as demon-
strated in Eqs. (75) and (76).
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Ni(CO)s + MesSi—PH, —— (CO);NiPH,—SiMe; + CO, (75)

(CO):NiPH,—SiMe; + Cp(CO),FeBr —
(CO)Ni(u-PH)Fe(CO),Cp. (76)

The latter reaction takes a more complicated course than indicated
above involving several intermediates.”

By treating Me;SiPH, with Cp(CO),FeX (X = Cl, Br) cationic
PH,-bridged iron complexes are accessible,

2 Cp(CO),FeX + Me;SiPH; ———> [Cp(CO)zFe]zPHzY )]

toluene

Y = CI,Br,PFs,Bphs.

These air-stable diferriophosphonium salts may be converted into
P-halogenated derivatives by reactions of the PH; bridge with CCly
or CBrs, which may be transferred to complex-stabilized phos-
phinic acid derivatives’:

+ +CBrs + H:O
——»

[CP(COY:Fe):PH; =<2 [Cp(CO):Fe],P(OH):

HO O
Vi
\P/

CpCOFe\ FeCOCp, (78)

—Co,

In the solid state this organometallic substituted phosphinic acid is
associated to dimers by means of hydrogen bridge bonds of the
P(O)OH groups.”™

(CO)sMnCl with Me3SiPH; under appropriate conditions yields
a mixture of [(CO)sMnPH;]; and [(CO);MnPH:];, a four- and a
six-membered ring system. In contrast to the analogous CpNi de-
rivatives no changes of the ring skeleton are observed on heating
both manganese complexes to their melting points. The four-mem-
bered as well as the six-membered ring may be chlorinated at room
temperature in CCly:

+CCly, 20°C

[(CO):MnPH:]. ey

[(COMMNPCL], (x=23). (79)

Heating of a solution of the P-chlorinated six-membered ring
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(x = 3) causes rearrangement to the four-membered ring (x = 2). P
fluorination can be achieved by halogen exchange by means of
AgBF.:

+AgBF.

[(CO)4M ﬂPClz]x m

[(CO)MnPF,], {(x=23). (80)

The P-fluorinated manganese complexes as well as the analogous
PH, derivatives are thermally stable until their melting points.
Complete P bromination is only possible with the four-membered
3 75

ring”:

+CBr,, toluene

[(CO)sMnPH:]; =TT [(CO)MnPBr1]:. 81)

The reactivity of the functional groups at phosphorus strongly de-
pends on the ring size of the complexes.

Reactions of silylphosphanes with transition metal halides which
yield cluster compounds according to investigations of Fenske'
are of special interest. The compound phP(SiMe;), with CoCl,
generates Cog(Pph)s, and CoCl(Pphs), with phP(SiMes), yields
Co4(Pphs)s (u-Pph)s (cubane structure):

ph
phiP. P
\CO\IF;}']",I>C0/Pph3
h\P”‘ /C°<*rpph3
P
\Co’/Pph
/
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