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INTRODUCTION

Since the first successful synthesis of the organometallic intermediates penta-
fluorophenvhinagnesium bromide!.* and pentaffuorophenvilithium3, research interest
in the preparation of numerous pentafinorophenyl organometallic compounds has been
extensive. Pentafluorophenyl derivatives of Zn*®, Hg3.3-%, BS.7.%,9.10 Gill.12. % Gel3,
Sn?-MH.13, Ppb3, P12, Asl2 Sh!2 and T1%.* representing a ¢ bond between the metal
and pentaftluoroaryl group have been reported. Other investigators have prepared
pentativorophenyl derivatives of transition elements MnS.'?, Fe® 1%.13, and Tis.1%.19
also representing a ¢ bond between the metal and the pentafluoroarvl group. Interest
in these pentafluoroaryl organometallics has been varied and includes studies as
thermal stability, infrared studies, nuclear magnetic resonance studies and reactions
toward various reagents.

The reaction between the pentafluorophenyl Grignard and pentafluorophenvl-
lithiuin reagents with the appropriate metallic halides have been most often used in
preparation of other pentatluorophenvl organometallic compounds. Other less fre-
quently used procedures for introducing a pentailuorophenyl gfoup onto a metal are
cleavage reactions®-*:

{CeF3iaTiCyH l, — BCl, — CFBCL

{CH,),SnCF; + 2BF; —» (CH,),SnBF, + C,F;BF,

and reactions of the sodium salt of transition metal anions with fluoroaromatic
compoundsis:

[FeiCOLCyHy 5 Na® = C,Fg— NaF -+ C,FsFe(CO).CH;

The last two procedures appear to be applicable only to a few specific reactions and
are not as versatile as the Grignard or organolithium reactions for introducing penta-
fluorophenvl groups.

We now wish to report our studies on the synthesis of pentafluorophenyl
containing group IV elements by use of the pentafluorophenyllithium and penta-

* Fild ef al** reported (CH);SiCF;. b.p- 60°/14 mm, vield 429, Tamborski and Soloski'*
prepared (CH3),SiCeFs, b-p. 165°, nj 1-435%. from CeFMgBr - (CH,),SiCl in 949, vield.
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fluorophenylmagnesium reagents. With a few exceptions, little attention has been
paid in literature to the method of preparing and using these useful intermediates.
In many instances, these intermediates were used for synthesis of other organometallic
compounds by techniques similar to their hyvdrcgenic analog phenyllithium and
phenvimagnesium bromide. Coe, Stephens and Tatlows who first prepared and studied
pentafluorophenvllithium noted the instability of this organometallic under certain
temperature conditions. We, also, have studied the stability of the pentafluorophenyl-
lithium as well as the pentafluorophenyl Grignard under various temperature and
solvent conditions. It is no wonder that some of the previous investigators wishing to
synthesize pentafluorophenyl organometallics have experienced unusually low vields
of products.

\We have found in our studies that the pentafluorophenyllithium intermediate
in diethyl ether has advantages over the pentatluorophenyl Grignard either in diethyl
ether or tetrahydrofuran, in the synthesis of pentafluorophenyl organometallic
compounds®. Generally, higher vields of products are obtained bx- the use of the lithium
intermediate. The reaction can be carried out at very low temperatures (—65°) thus
avoiding the by-products that are usually formed by use of the pentatluorophenvl
Grignard at higher temperatures**.

From our studies on the stability of the pentafluorophenyilithium and Grignard
reagents, it has been found that both the organolithium and Grignard are more
=table in ether than in tetrahvdrofuran. At higher temperatures both will decompose
to vield high melting intractable polvmeric materials. It is these competing reactions
that must be avoided or minimized in order to obtain higher yvields of various deriv-
atives of pentafivorophenyvilithium and pentafluorophenylmagnesium bromide.

DISCUSSION

We have prepared the pentafluorophenvl derivatives of Si, Ge, Sn, Pb, Ti and
Zr by the following reactions:

eibe

4G — MC —o;“ (CeFa1,M — 4LiCl )M = Si. Ge, Sn {1
4CFLi — PO{OCOCH ) 2~ (CgF3),Pb + 4LiOCOCH, (2
2C I Li--{CH M, _“‘;L (CeFa)aM{CsHyla+2LiX M =Ti, X=Cl; M =Zr: X=Br (3)

\Vith the exception of (C4F;),Pb all the other members of Group IV were easily
prepared in ether between —20 and —65° bv conventional methods of reacting an
organolithium intermediate with a metallic halide. An attempted synthesis of the

" In the preparation of {C4F5}3B, it has been found that oxygen containing solvents as diethyl
ether are difficult to remove from the boron compound. In these instances a hvdrocarbon solvent
as n-hexane ofiers advantages as a reaction medium over diethyl ether solvent, see ref. 8.

*7 \Wall ¢f al.1! in their original work on the synthesis of tetra{pentafiuorophenvl)silane via the
Grignard reagent, obtained a 32°; yield of product plus a solid by-product of unknown com-
position. Recently, Fear ef al®*® have reported on the decomposition of pentafinorophenyl-
magnesium bromide in retfiuxing tetrahydrofuran to yield polytluorophenylenes of high molecular

.y -~
weight.
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(C.F5),Pb compound by the reaction between C(F;Li and PbCl, was unsuccessful.
The synthesis of (C¢Fy) S, (CeFs) ,Ge, (CF;) Sn and (CF;) ,Pb were also studied through
the reaction between the Grignard C4F;MgBr and the appropriate metallic halide in
tetrahvdrofuran. In this solvent the (CgF;) Si (68.995) and (CgF;s)Ge (72.5 %) were
easily prepared. The (C,F;)Sn (13.5 9%) and (C,F;),Pb (1-3 %) were prepared only in
low yields with the major product as an intractable high melting material suspected
by infrared analyvsis to be a pelyfluorophenylene polymer similar to that reported by
Fear et al.®.

Many of the prepared pentafluorophenyl derivatives were subjected to the
following studies: infrared and vapor phase chromatography analysis, acid and base
hxy-drelysis, thermal stability and reactions with bromine and lithium.

(@) Infrared analysis. The infrared spectra of the pentafluorophenyl derivatives
have been recorded on a Perkin-Elmer Model 102 spectrophotometer. The spectra
were determined on the samples in KBr pellets and are reported in Table 1.

TABLE 1
INFRARED SPECTRA OF PEXTAFLUOROPHENYL COMPOUNDS
Compound C—F sireick Benzene CgHy C-H C-H Others
ring ring deformation  stretch
{GFs) St 1379 (s} 1202 (s) 1641 (m)
1130 {wsh) 10gS (s) 1516 (s)
1023 {w}  9ro(s) 14656 (s)
(C.F;),Ge 1411 (s) 1313 (s) 1671 (m) S1S (m)
ir3o (rn) 1Io6 {(msh) 1539 (s)
1037 (s} 10135 {w) 1479 (s}
970 {s)
{CsFs1:5a 1378 (5) 1281 {m)} 1640 (m) So03 {m)
1137 {m)} 1087 (s} 1509 {s}
ro77 (ssh} 1015(m) 1479 (s}
96 (s}
{GFs} P 1375{s) 1275{(m}  163x(m) 782 (m)
1134 (W) 1078 (s) 1509 (s}
1675 (msh) 10035 (m) 1469 (s}
963 (s}
(G H) TiH{C, Fg)y 1373 {m} 1262 {msh} 16335{m) 1427 (s) Ioz0 (m) 3150 (w) 745 (m)
1252 (m) 10355 (s} 1503 {s) 847 (sh) 3137 (w) 1337 (m}
930 (s) 335 () 3130 (w)
827 Issh) 3119 (w)
{C H YL Zr(CgFY. 1363 (w) 1260 (wsh) 1629 (m) 1331 (S) 1015 (m} 3125 (sv) 725 (s)
1246 (m) 1041 (S) 1500 {s) 1420 (s) 827 (msh) 3100 (W) 1325 (w)
g3z (s} S04 (s)
785 (m)
{C,H,).TiCL, 1435 (s) ot {m) 3100 (m)
- - 864 (m)
813 (s)

*s = strong; m = medium; w = weak; sh = shoulder.

J- Ovganometal. Chem., 4 (1955) 116~154



PENTAFLUOROPHENYL COMPOUNDS OF GROUP IV ELEMENTS 449

In the hyvdrogenic series of tetraphenyl group IV elements (CgH;) M, a useful
characteristic absorption band for the phenyl-M bond has been reported® as CgH;-Si,
9.05 u; CgHy—Ge, 9.18 u; CgH5-Sn, 9.34 x; and CgH;—Pb, 9.45 p. This band has been
suggested as due to a phenyl group vibration perturbed by the central atom (3M).
In the corresponding fluorine series no characteristic bands of a CgF;—M bond are
apparent. Since the pentafluorophenyl group should have different infrared charac-
teristics than the phenyl group, it is possible that a C,F,—M characteristic absorption
band lies in the far infrared region of the spectrum. Studies along this line are in
progress.

(b) Vapor phase chromatography. The presence of a number of pentafluorophenyi
groups on a metal or metalloidal atom enhances the volatility of the compound.
Many of the (C;F;) ;M compounds could be easily sublimed as compared to the hydrogen
analogs. In addition, the (CgF;),Si, (C¢F;5),Ge and (C.F;),Sn could be analyzed by
vapor phase chromatography techniques whereas the hvdrogen analogs, under
comparable conditions, could not. The (CgF;5);Pb compound under these analytical
conditions could not be detected. Since the lead compound has a low order of thermal
stability,, it iz possible that under different analytical conditions, the (C4F;),Pb could
be analyzed by vapor phase chromatography techniques. The retention time for the
compounds determined are (C/F;),Si, 2.3 min.; (C.F;) Ge, 3.0 min.; and (CF;},Sn,
4.1 min. Column conditions used: isothermal, 275°, 6 ft. (14" O.D.) Apiezon L column
on chromasorb P (60-So mesh}, helium flow rate 100 ml/min, F &I 500 instrument.

{c) Hydrolvsis. Hyvdrolyvsis®® of fluoroalkyl-silanes, -germanes and -tin com-
pounds have been previously studied. In general, the fluoroalkyl groups attached to
these metals can be cleaved under basic hydrolysis conditions. In some cases, hot
water alone is sufficient to cleave a perfluoroalkyl group from tin.

Results of our hydrolysis studies on tetrakis{pentafiuorophenyl)silane, -germane,
-tin and -lead compounds are shown in Table 2. Apparentlv the pentafluorophenyl
organometallic derivatives are more stable to hvdrolysis than the perfluoroalkyl

TABLE 2
HYDROLYSIS OF PENTAFLUOROPHENYL COMPOUNDS
X.R. = no reaction, absence of C;FsH; C = cleavage, as indicated by presence of C,;F;H; R.T. =

room temperature.
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" Data obtained from ref. 1g.
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compounds. In a heterogeneous acid hydrolysis (6 .\ HCl) medium, the silane, ger-
mane, tin and lead compounds are unaffected at refinx temperature. The silane and
germane are also stable to a basic hvdrolvsis (6 N NaOH) in a heterogeneous system at
refiux temperature but the tin and iead compounds are hvdrolyvzed. In a homogeneous
hydrolysis {tetrahvdrofuran solution) medium under acid and base conditions, the
only compound resistant to hyvdrolysis was the germane whereas the silane, tin and
lead were unstable. There seems to be no apparent reason at this time why the germane
should show this anomalx.

The silane can be hvdrolvzed at room temperature by wet acetone alone whereas
under the same conditions the germane, tin and lead are unaffected. The hvdrolvsis
studies were carried out by analvzing for one of the expected cleavage products
pentafiucrobenzene by vapor phase chromatography. Neo attempt was made to
identify any other products of hydrolvsis.

Dicyclopentadienvibis(pentafluorophenvi)titanium has recently been prepared
and some of its reactions studied!. This compound was stable to basic hydrolysisin a
heterogeneous mixture at 100°. Acid hvdrolysis in a tetrahydrofuran solution, how-
ever, resulted in cleavage of the pentaﬂhorophen_\l group.

(€} Thermal stability. An indication of thermal stability for the pentafiuorophenyl
crganometallic compounds prepared has been obtained by measuring their decompo-
sition temperatures®. Table 3 indicates the comparison of the fluorocarbon versus

TABLE 3

RELATIVE THERMAL STABILITIES OF GrROUP IV cosrrorxns

Cemponurds Decomposition lesnperature {TCY°

dr = CH, Ar = CF,

Ar St 4063 35z
ArGe 421 215
AnsSn 352 399
;\-—:l’b 32 > 200
A T Hyis 105 iref. 23) > _oo
.\r*._r CyHjia 256 m.p. {dec.}

® Decompeosition temperature defined as the temperature at which the compound decomposes
at the mate of 1 mole ?, per hour. See ref. 23,

the hydrocarbon derivatives. In earlier studies Wall &f al ! qualitatively determined
the greater stability of (CgH;),Si over the (C.F:),Si. As can be seen from the de-
composition temperature vaiues, the silicon member of the fluorocarbon series is less
thermally stable, however, the other members of the series have equal or increased
stability over their hvdrocarbon analogs. Recently, Stone ¢t al.'® have pyrolyvzed
dicyclopentadienylbis{pentafiuorophenvlititanium tn vacno at 150°. One of the
decomposition products identified was dicyclopentadienvi{pentatluorophenyljtitanium
fluoride. This compound was formed by fluorine migration from a pentafluorophenvi
group to the titanium metal, 2 mode of decomposition characteristic of other fluoro-
carbon-metal compounds®2. It is quite conceivable that by an analogous procedure the
perfluorophenyl derivatives of the group IV elements decompose in the same fashion.

J- Organometal. Ckern., 3 (1965) 3436—454
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{(€) Reactions of (CsF;) . Attempts were made at cleaving a C.F; group from a
metal atom with either metallic lithium or bromine. The hyvdrogenic analogs under
similar experimental conditions yield functional compounds according to the following
equations:

(CeH M = Li 2, CH,Li + (CeHy),MLi M = Si, Ge, Sn, Pb

(CeHJ M + Br, —» C,H,Br + (C,H,)MBr

In this manner useful organometallic intermediates can be prepared for the synthesis
of other compounds. Unfortunately, the perfluoroaryl analogs (Si, Ge, Sn) do not react
with lithium or bromine. This observation may not be too surprising in view of some
of the findings of Eaborn®® in his studies on rates of cleavage of various substituted
aryl silicon compounds. Electron-withdrawing groups {e.g. $-F and $-No,) retarded
cleavage of the phenyl group by electrophilic reagents. The fluorine atoms in the
(CsF;) M compounds would act in a similar manner placing a positive charge on the
metal and thus inhibiting an electrophilic attack on the metal atom.

EXPERIMEXTAL

All reactions were carried out in an atmosphere of dryv, oxygen-free nitrogen. All
melting peints are uncorrected.

Pentafinorophenyi-sitctal compornds

Pentafiuorophenyilithium. Pentafluorophenyllithium was prepared*® by the
addition of an ether solution of pentatluorobenzene to n-butyllithium* at —65°.

Tetrakis(pentafluorophenyi)silane. Silicon tetrachloride (4.25 g, 0.025 mole) dis-
solved in 20 ml of diethyl ether was added to a solution of pentafiuorophenvllithium
{prepared from 16.S g, 0.10 mole pentafiuorobenzene, 0.10 mole of 1z-butylithium and
130 ml of diethyvl ether) at —65° over an 8 min period. After 3 h of stirring at —65°
the Color Test I** was negative indicating absence of pentatlnorophenvilithium.
The reaction mixture was allowed to warm up to room temperature and the precipitate
filtered. The filtrate was aspirated to dryvness. The crude solid plus the precipitate
were combined and recrystallized from hot benzene. From the benzene solution was
obtained tetrakis{pentafluorophenyl)silane (13.0 g, 75 % vield), m.p. 2.45-246°(lit.1*
reported 245-250°). (Found: C, y1.22; F, 51.39; Si, 4.31; C, F;Si caled.: C, 41.40;
F, 54.57: Si, .03 %.)

In a similar manner as described above via the pentafluorophenyllithium inter-
mediate the following compounds were prepared, tetrakis(pentafluorophenyl}germane,
8S.02; yvield, m.p. 246.5-247.5° (lit.® reported sublimation zz24-230°); tetrakis-
(pentafluorophenyl)tin, gr.49%; vield, m.p. 220-222° (lit.* reported 221°); tetrakis-
{pentaflucrophenyl)lead, (prepared from lead tetraacetate and pentafiucrophenyl-
Lithium), 15.5 %, vield, m.p. 204-206° (1it.> reported 19g—200°).

Dicyciopentadienylbis(pentajinoro phenvt)zirconium. Bis(cyclopentadienyl)zirco-
nium dibromide (648 g, 0.017 mole) was added directly to pentafluorophenyllithium

* Commercially prepared in n-hexane, Foote Mineral Co., Exton, Pennsylvania, U.S.A.
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(prepared from 5.72 g, 0.034 mole pentafiuorobenzene, 0.034 mole of z-butyllithium
and 100 mi of diethyl ether) at —65°. The reaction was allowed to warm up to —20°
during 3.5 h. After this time Color Test I*" was negative indicating an absence of
pentafluorophenyllithium. The white precipitate was filtered and the filtrate aspirated
to dryness. The crude material was combined and recrvstallized from warm benzene
vielding 2.54 g (26.9%;) pure dicyclopentadienylbis(pentafluorophenyl)zirconium,
m.p. 257° (dec.) and 1.93 g of an unidentified white cryvstals, m.p. > 310°. The product
was 1identified by elemental and infrared amnalysis. {Found: C, 47.49; H, 2.74;
CaaH 1 oF 927 caled.: C, 47.56; H, 1.819%.)

Dicyclopentadienylbis(pentafinorophenyl)iitanium. Prepared by a similar pro-
cedure as described above, 52 9] vield, m.p. 2282297 (lit.”® reported 228-230%).

Tetrakis(pentafiuoropienyilgermane wvia pentajfluorophenvimaguesiun: bromide.
Pentativorophenyimagnesium bromide was prepared by the addition of pentafluoro-

romobenzene (123.6 g, 0.5 mole) dissolved in 250 m! of tetrahydrofuran to magnesium

{12.2 g, 0.5 g-atom) turnings in 500 ml tetrahyvdrofuran. The addition required 735 min
during which time the mixture changed from colorless to a clear brown solution. The
temperature rose to a maximum of 33° during the addition. Titration indicated an
37 5 vield of Grignard reagent. The Grignard was cooled to —10° and germanium
tetrachloride {21_¢ g, 0.1 mole} dissolved in 170 ml of tetrahyvdrofuran was added to
the Grignard over a period of 60 min. The reaction was slightly exothermic and a
precipitate soon developed. After an additional 60 min of stirring at —zx0°, Color
Test T¥ was negative. The precipitate was filtered and recryvstallized from benzene to
vield 57.90 g {72.5 %} of tetrakis{pentatiuorophenyligermane, m.p. 244-2146°.

In a similar manner as described above via the Grignard intermediate, tetrakis—
{pentailuorophenylisilane {68.9°.), tetrakis{pentafiuorophenviitin (13.5°;} and
tetrakis(pentafivorophenylilead {1—3 5} were prepared.

Hydrolysis studics

{a) HCI (Referogencons). A 5.0 g sample of tetrakis{pentailuorophenviisilane,
tetrakis{pentatiuvorophenyljgermane, tetrakis{pentafluorophenvlitin and tetrakis-
{pentalluorophenyl)lead were individually treated with 6 N HCl (40 mi} under refiux
for 5 h. On cooling the starting materials were recevered in each case quantitativelyv.

{0y HC! {(in tetrakvdrofuran}. Tetrakis(pentatluorophenylsilane (3.0 g) was
treated with 6 \" HCI (1o ml) and tetrahydrofuran (4o ml) for 5 h at reflux temperature.
The solution was cooled and extracted with 5-100 ml portions of diethyvl ether. A \'PC
analysis of the dried ether extract indicated onlyv pentatiuorobenzene. Evaporation
of the ether extract vielded none of the tetrakis{pentafluorophenyl)silane.

Tetwrakis{pentafluorophenvijtin and tetrakis(pentafluorophenyljlead were sim-
ilarly treated with VPC analvsis indicating pentafiuorobenzene. Tetrakis{pentafiuoro-
phenyljgermane under the above hydrolvsis conditions was resistant to cleavage. The
tetrakis(pentafluorophenvligermane was recovered quantitatively.

{c) NaOH {heterogencous}. Tetrakis{pentafluorophenvlisilane (5.0 g) and tetrakis-
ipentatluorophenyl)germane (5.0 gi when individually refluxed for 5 h in NaOH (4o
ml, 10 %; solution) were recovered quantitatively. Tetrakis{pentafluorophenyl)tin and
tetrakis(pentafluorophenyl)lead when treated under the same hvdrolyvsis conditions
indicated by VPC analvsis the presence of pentafiuorobenzene.

(@Y NaOH (ir letrahvdrofuran). Tetrakis(pentafinorophenyl)silane (5.0 g),

J- Orgasometal. Ckem., 3 (1955) 346—35¢
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tetrakis(pentafluorophenyl)germane (5.0 g) and tetrakis(pentafluorophenyl}tin (5.0 g)
when individually refluxed in NaOH (40 ml, 10 ¢ solution) and tetrahydrofuran (40
ml) for 5 h yielded none of the starting material. VPC analysis indicated pentafluoro-
benzene.

Attempted cleavage of (CoFs) —IM

(@) Bromine. A slurty of tetrakis(pentafluorophenvljtin (3.93 g, 0.005 mole) in
ethyvlene dibromine (30 ml) was added to a solution of bromine (0.80 g, 0.003 mole) in
ethylene bromide (50 ml} plus a catalytic amount of aluminum bromide. After re-
fluxing for 6 h the reaction mixture was cooled to room temperature. The reaction was
treated with potassium sulfite solution. The organic laver was washed with water and
dried. A sample of this solution was analyzed by VPC and indicated no pentafiuoro-
bromobenzene. After aspirating the solution to drimness, the crude solid material was
recryvstallized from chloroform-methanol. Tetrakis(pentafluorophenylitin (3.335 g) was
recovered in 85.2 ¢, vield.

In a similar manner as described above, tetrakis{pentafluorophenyl)silane and
tetrakis(pentafluorophenyvl)germane showed no cleavage of the pentafluorophenyl
group.

{b) Lithiun:. A paste of tetrakis(pentafluorophenvlsilane (3.48 g, 0.005 mole) in
a few milliliters of tetrahvdrofuran and dispersed lithium (0.02 mole) was rapidly
stirred for approximatelyv 20 h at room temperature. No apparent reaction took place.
The reaction was heated for an additional 8 h without any indication of reaction. To
this mixture was added diethyl ether (30 ml} and the Color Test I which was taken
was negative indicating no organometallic formation. The reaction mixture was
hydrolvzed, the ether laver was separated and dried over magnesium sulfate. Aspiration
of the ether solution left crude tetrakis{pentafluorophenylisilane {3.35 g, §6.2 %).

In a similar manner as described above the tetrakis{pentafluorophenvl)germane
and tetrakis{pentafluorophenvl;tin showed no apparent reaction with dispersed
lithium.
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SUMMARY

The synthesis of pentafluorophenyl group IV elements (C.F;),Si, {(CgFg)Ge
(CeF5)Sn, (CgF;)Pb, (C;H;).Ti{CFL), and (C H;).Zr{CFy), is reported. The above
compounds are prepared through the reaction of the appropriate metal halide and
pentafluorophenyllithium. The various pentafluorophenyl derivatives were subjected
to the following studies: infrared and vapor phase chromatography analvsis, acid and
base hyidrolysis, thermal stability and reactions with bromine and lithium.
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