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INTRODUCTION

The original oblective of this basic research program as conceived in 1975 was the
development of new organophosphorus and organonitrogen ligands and t heir transition metal
complex chemistry in areas potentia lly useful for fuel cell, antioxidant, and lubricant technology
as well as for themally stable fluids and flame resistant materials. The most significant scientific
ac hievement during the course of this four-year research program was t he development of the
transition metal chemistry of the chelating strong i-acceptor fluorophosphine ligands of the
type RN(PF2)2 (R= CH3 and C6 H5). This work resulted in the discovery of materials with un-
expected thermal and oxidative stability (e.g. (CH 3N(PF2)21 3Cr) and with unusual redox properties
(e.g. (CH3N(PF2)~l 3Co2(CO)2) and led to 19 scientific publications during the project period . A

Mother significant achievement arising from this research project was t he development
of the first general methods for the synthesis of polyphosphines containing terminal dialkylamino
and/or alkoxy groups . Such potyphosphines are useful not only as ligands in transition meta l
chemistry but are also potentially reactive intermediates for t he synthesis of a variety of
orgonophosp horus compounds including materials potentially useful for antioxidants and flame -
resistant polymers.

In terms of research publications this work was very successful since 24 papers
d scussing research supported by this grant were written during its four-year period . Because of
this large volume of work, all of the new results will not be discussed in this report . Instead
only the highlights of he work discussed in the 24 papers and related areas will be mentioned .
Reference to the pertinent publications will be included according to their numbers on the list so
that the interested reader will be able to seek additional details by consulting the original paper.



—2—

NEW RESULTS FROM THIS RESEARCH PRO GRAM
A. Transition Metal Fluorophosphine Complexes

( 1) General Comments

Ligands of t he type RN(PF 2)7 can bond to transition metals in diverse ways . Ihus they
can act as bidentate ligands forming four-rnembered chelate rings of the type I. Che~ate rings
of this type appear to be particularly effective in stabilizing low metal oxidation states as
indicated by the zerovalent chromium complex [CH3N(PF2)213Cr,which can be handled in air
at room temperature and disti lls unchanged at 256°C/i atmosphere . Alternative ly the RN(PF2)2
ligands can chelate with a bonded meta l pair to form a five-membered ring of type II, which
presumably is less strained than the four-membered ring of type I. Numerous bimetallic
derivatives containing chelote rings of type II have been prepared during the course of this
project . The chemical reactivity of bridged metal-metal bonds in complexes containing
structural units of type II can uniquely be studied using the RN(PF2)2 ligands as the bridges.

F~p”~~~f~F 1 FjP”~~W

M—M ti fri
F

II III IV V

Some less obvious coordinating possibilities of the RN(PF2)2 Iigands have also been
observed . In many complexes the fluorophosphines RN(PF2)2 function only as monodentate ligands
(III) t hereby avoiding t he strain of the four—membered chelate ring in I. However, at least for
CH3N(PF2)2, ‘he n trogen-phosphorus bond to the non-coordinating PF2 group in complexes of the
type Ill is readily hydrolyzed to form complexes of the CH3NHPF2 li gand (IV: R~CH3), a li gand
which is not stable in the free state . In other cases reaction of CH3N(PF2)2 w ith a metal carbonyl
containing a metal-metal bond can result in rupture of the phosphorus—nitrogen bond to form a
bimetalDc complex of the type V(R= CH3) containing a bridging PF2 group and a CH3NPF2 unit
which can be either terminal (e.g. (CH3N(PF2)~J 4Fe2CO) or bridging (e.g. (C5H5Fe(PF2)2NCH3] 2).

Examples of all of these types of chemical bonding of RN(PF2)2 li gands have now been
characterized by X—ray diffraction structure determinations in collaboration with Prof. M. G.
Newton of the Chemistry Department of the University of Georgia. A summary is given below
of the specific transition metal chemistry of the RN(PF2)2 ligands, including the preparations of
metal complexes exhibiting all of the above structural features (l—V).
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(2) Chromium, Molybdenum, and Tungsten Derivatives

Ultraviolet irradiation of the meta l hexacarbonyls M(CO)6 (M=Cr, Mo, and W) wit h

excess RN(PF2)2 (R= CH3 and C6 H5) in diethyl ether solution results in complete displacement of

all six carbonyl groups to give white volatile (RN (PF2)~1 3M (VI: R= CH3 and C6H~ ;

M= Cr. Mo, and W). T hese compounds exhibit high thermal and oxidative stabilities relative

to other carbonyl —free zerovalent compounds of these metals.
Mononuclear derivatives of these metals containing both RN(PF2)2 and CO Ugands

can be prepared by di splacement of coordinated olefins by he RN(PF2)2 Iigands.24 Thus

reactions of t he norbomadiene-metal tetracarbonyls C7H8M(CO)4 (M= Cr, Mo, and W) wit h the

ligands RN(PF2)2 (R= CH3 and C6H5) give either the chelates RN(PF2)2M(CO)4 (VII) or the

monoligate monometallic complexes (RN (PF2)~ 2M(CO)4 (M = Cr, trans isomer VIlla; M=Mo and W,
cis isomer VIlib) depending upon the reaction conditions including particularly the ligand:

metal mole ratio. Reactions of the cycloheptatriene derivative C7H8Cr(CO)3 with the ligands

RN(PF 2)2 (R= CH3 and C6 H5) give pale yellow mer—t RN(PF2)21 2Cr(CO)3 (IX) containing one
monodentate and one bidentate ligand as we ll as the white binuclear complex mer—

t C6H5N(PF2)~
] 3Cr2(CO)6 of presumed structure X.

C’
2
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~ oC-”

0

Vi VII VI lla Vilib

IL l  ~~
L

~~,y
R Fj C

,..1P~ Ikr~~ ’~’ \‘~‘ i ~ R—N~~,,~Cr~~
L C Fi~~~0 C) 0

IX X



-4-

Binuc lear derivatives of chromium, molybdenum,ond tungsten containing both

RN(PF 2)2 and CO ligands have also been prepared . Many of these bunuc lear deri vat ives

contain bridging carbonyl groups, a rare structura l feature for these group VI metals. The

yellow binuclear molybdenum complexes t RN(PF~~i 3Mo2(CO)5 (R-~ CH 1 and C6H5) are

obtained by pyrolysis of the corresponding mononuclear complexes RN(PF2)2Mo(CO)4 at

100— 120°C. X—ray diffraction on the derivative [C 6 H5N(PF2)2] 3Mo2(CO)5 indicates structure

Xl (M= Mo;R= C6 H5) containing one bridging CO group and t hree bridging RN(PF2)2 ligands.

T he yellow chromium and tungsten analogues tCH 3N(PF2)213M2(CO)5 (XI: M= Cr and W;

R = CH3) can be obtained by photolysis of t he corresponding meta l hexacarbonyls with

CH 3N(PF 2)2 in a 1 to 1 .5:1 ligand/metal mole ratio. Pyrolysis or photol yss  of mixt ures of the

RN(PF 2)2 ligands and the metal hexocarbonyls in a 2 to 2.5:1 ligand/metal mole ratio gives

mixtures of the yellow binuclear complexes (CH3N(PF 2)21 4M2(CO)3 and tCH3N( PF2)2]5M2C0 in

the case of CH3N(P F2)2 (M= Mo and W) and the yellow binucleor comp lexes (C 6 H5N(PF2)21 4Mo2(CO)3
and (C6 H5N(PF2)21 5Mo2(CO)2 in the case of C6 H5N(PF 2)2 (M = Mo). A structure determination

by X—ray diffraction on (CH3N(PF2)214Mo2(CO)3 indica tes structures of the typ e XII for the
( RN(PF2)~14M2(CO)3 deri vatives . Structure XII for the (RN (PF2)214M2(CO)3 deriva tive s is closel y

related to structure Xl for the [RN (PF2)21 3M2(CO)5 deriva tives by rep lacement of the two terminal

CO groups on one meta l in Xl by a bidentate CH3N(PF2)2 li gand in XII . The infrared spectra

of tCH3N(PF 2)~ 5M2C0 (M = Mo and W) and (C 6 H5N (PF 2)~1 5Mo2(CO)2 indicate only termina l

CO groups thereby suggesting structures XIII (anal ogous to (CH 3N(P F2)21 4Fe2CO—-see below)

and XIV, respective l y,for t hese binuclear comp lexes . The structures XIII and XIV have not yet

been confi rmed by X—ray crysta llography, however.

¶j~” \pf;• ~~~

F~T

XI XII XIII

the potentially strained four-membered chelate rings in the RN(PF2)2M(COkcomplexes

(V II) are subject to novel ring—opening reactions upon t reatment with donor ligands. 1
~
J Thus

reaction of CH3N(PF 2)2Cr(CO)4 (VII: R= CH3, M = Cr) with excess CH3N(PF2)2 at — 80°C
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results in formation of t rans—(CH3N(PF 2)~l2Cr(CO)4 (VIlla: R= CH3, M -
~ Cr) thereby indicating

t hat t he RN(PF2)2M(CO)4 derivat ive can be an intermediate in the formation of the
(RN(PF 2)~1 2M(CO)4 deri vatives from the norbornadiene—metal tetracarbony ls and excess RN(PF 2) .

Also this chelate ring—opening reaction has been used for the preparation of the “mixed ligand
complexes of the type trans—CH 3N(P 17)2Cr(CO)4L (XV: L = monodentate C6H5 N(PF 7)2 and
(C6 H5)3P) by reactions of CH3N(PF 2)2Cr(CO)4 (VII: R= CH3, M= Cr) with the ligand L in an
inert solvent at 80°C.

Cocondensations of c hromium vapo, with fluorophosphines are also useful for the
preparation of zerova lent chromium comp lexes .17’2° T hus coconden~~tion of chromium vapor
with CH3N(PF 2)2 provides an alternate route to the complex tCH 3N(PF 2)~~3Cr (V I: R= CH3,
M = Cr). Similarly, cocondensation of chromium vapor with the monodentate ligand (CH3)2NPF 2
g ives the new complex ((C H3)2 NPF2I6Cr, which is reasonably air—sta ble but relative ly thermally
unstable. Cocondensation of chromium vapor with a 4:1 mixture of (CH3)2NPF 2 and CH3 N(PF 2)2
gives the complex CH3N(PF2)2Crt PF2N(C H3)214 (XV I).
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(3) Iron Derivatives

T he reactions of iron carbonyls with the RN(PF2)2 Iigarids can lead to a great variety

of products which depend upon ihe iron carbonyl used and the reaction conditions. Ultraviolet
irradiation of Fe(CO)5 with CH3N(PF 2)2 gives either yellow liquid (CH3N(PF2)2] 2FeCO (XVII)
or orange crysta lline tCH 3N(PF 2)2] ~ e2(CO)5 (XVIII) depending upon the reaction conditions .4’ 12

Reaction of Fe3(CO)12 with CH3N(PF2)2 in boiling tetrahydrofuran gives yellow crystalline
ECH3N( PF2)2Fe(CO)3] 2 (XIX ) which readily loses carbon monoxide upon standing or heating in
solution to form (CH3N(PF2)212Fe2(CO)5 . The indicated structures of both XVIII and X IX have
been confirmed by X-ray diffraction . M unusual feature of (CH3N(PF,)2Fe(CO)~I 2 (XIX) is
square pyramidal rather than the usual trigonal bipyramidal coordination for the five -coordinate
iron (0) atoms . Ultraviolet irradiation of Fe3(CO)~2 with excess CH3N(P F2)2 in det hyl ether gives
yellow ECH 3N(PF 2)2] 4Fe2CO shown by X—ray diffraction to have a novel structure XX in which the
phosphorus-nitrogen bond of one of the CH3N(PF2)2 ligands has broken to give separate CH3NPF 2
and PF2 units. The photolysis of Fe3(CO)12 with CH3N(PF2)2 in diethyl ether also gives a low
yield of red [CH3N(PF2)21 3Fe2(CO)3 of unknown structure .

CM3

ccj o
C
~~~~~~~~~~~~N

I,\ P\ ôc I
FjP\F2P~%~,,PFj JPF2
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Additional iron carbonyl derivatives are available from Fe2(CO)9 and CH3N(PF 2)2
with the actual products obtained depending greatly upon the reac tion conditions. Thus
treatment of Fe2(CO)9 wit h an equimolar quantity of CH3N(PF2)2 in diethyl ether at room
temperature gives a mixture of yellow liquid CH3N(PF2)2(Fe(CO)~

) 2 (XXI) and red-orange
crystalline CH3N(PF2)2Fe2(CO)7 (XXII). 12 However, reaction of Fe2(CO)9 with excess CH3N(PF2)2
in diethyl ether at room temperature gives yellow liquid CH3N(PF2)2Fe(CO)4 apparently with

structure XXIII containing a monodentate CH3N(PF2)2 ligand . This liquid is readily hydrolyzed

upon chromatography on Florisi l to give pale yellow volatile c rystals of CH3N HPF~~e(CO)4 (XXIV)
in accord with the general behavior of monodentate C H3N(PF2)2 ligands noted above . Ultraviolet

irradiation of Fe2(CO)9 with excess CH3N(PF2)2 in diethyI ether gives a dicarbonyl

tCH3N(PF2)~ 2Fe(CO)2 apparent ly with structure XXV containing one monodentote and one

bidentate CH3N(PF2)2 ligand.
M interesting feature of this iron carbonyl chemistry of CH3N(PF2)2 is the fac t that all

possible formal substitution products of Fe2(CO), of the type [CH3N(PF2)~
lnFC 2(CO)9_ 2n

(n = 1, 2, 3, and 4) can be obtained depending upon the reaction conditions. This is the first

time that a ligand has been found where this is possible. rhe structures of these binuclear derivatives
appear to depend upon the degree of substitution of CO groups with CH3N(PF2)2 with the
observed ligand phosphorus -nitrogen bond cleavage in (CH 3N(PF2)~l 4Fe2CO (XX) being a total
surprhe to arise from this research .

None of these reactions of iron carbonyls with CH3N(PF2)2 gave any indications for a
simple mononuclear CH3N(PF2)2Fe(CO)3 derivative . Therefore the reaction of CH3N(PF2)2 was

investigated with the benzolacetone derivative tC 6H5CI4~CHC (O)C H~l Fe(CO)3, a known source

of Fe(CO)3 groups under mild conditions. However, instead of giving the desi red C H3N (PF2)2Fe (CO )3
this reaction was found to give the yellow diene complex tC6H~CH=CHC(CH3)=C(POF 2)N(CH3)
PF2I Fe(CO)(PF 2)2NCH3 shown by single crystal X—ray diffraction to have the unusual structure
XXV I . 22
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Cocondensations of iron vapor with ominodifluorophosphines provide still additional

zerovolent iron complexes of interest. 10 T hus cocondensation of iron vapor with CH3N(PF2)2
gives a low yield of yellow crystals of stoichiometry (CH3N(PF 2)21 4Fe, shown by X—ray
crystallography to have structure X XVII containing one bidentate and three monodentate CH3N(PF2)2
Iigands. Cocondensotion of iron vapor with (CH3)2NPF2 gives yellow crystalline t(CH3)2NPF 2) 5Fe,
an analogue of such well-known zerovalent iron complexes as Fe(CO)5 and Fe(PF3)5 .

(4) Cobalt Derivatives

rhe cobalt chemistry of RN(PF2)2 ligands is dominated by a variety of stable derivatives
containing (RN(PF2)2] 3Co2 units in which a cobalt—cobalt bond is bridged by three RN(PF2)2
ligonds . Thus reaction of Co2(CO)8 with RN(PF2)2 (R = CH3 and C6H5) at room temperature in the
absence of ultraviolet irradiation results in rapid evolution of carbon monoxide to give the purple
crystalline t RN(PF2)2] 3Co2(CO)2 derivatives (R = CH3

3’ 14 
and C6 H5

21). The structure XXVI II

(R= CH3) has been confirmed by X-ray crystallography for tCH3N(PF2)2) 3Co2(CO)2. Ultraviolet
irradiation of Co2(CO)8 with excess RN(PF2)2 at room temperature results in complete displacement
of all carbonyl groups to give the purple-black derivatives (RN(PF 2)2]5Co2 (R = CH3

14 and C6H5
21
)

formulated as XXI X containing three biligate bimetallic and twomonoligate monometallic RN(PF2)2
ligands. T he compound (CH 3N(PF2)2] 5Co2 is also obtained by cocondensation of cobalt vapor with
CH3N(PF2)2. ‘~~~‘ Chromatography of (CH3N(PF2)2]5Co2 on Florisi l results in hydrolysis of the

two monoUgate monometallic CH3N(PF2)2 ligands to give purple (CH 3N(PF2)21 3Co2(PF2NHC H3)2
(XXX : L = L ’ = CH3NHPF2).14

rhe tCH3N(PF2)21 3Co2 unit ,n [CH 3N(PF2)~ 3Co2(CO)2 (XXV1II: R= CH3) is stable
towards a variety of chemical transformations. Thus ultraviolet irradiation of
tCH~N(PF2),I 3Co2(CO)2 with the ligands (CH3)2NPF2, (C2H50)3P, (C6H5)~~, and (CH3)3CNC
(designated as 1) results in the stepw se displacement of the two termina l carbonyl groups to give
complexes of the types rcH3N(PF2)~ 3Co2(CO)L (XXX: L’ = CO) and tCH3N(PF2)2] 3Co2L2
(XXX: L’ = L). A related purple complex (CH3N(PF,)21 3Co2(PF2N(CH3)212 (XXX: L=Lt=(CH3)2NPF2)
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has been obtained by cocondensat ion of cobalt vapor with a 4:1 mixture of (CH3)2NPF2 and

CH3N (PF 2)2
~ 

16,20 Unsymmetrica l complexes of the types (C H3N (PF 2)2] 3Co2(PF2N HCH3)L

(XXX : L = CO, (CH3)2NPF2, and (C2H50)3P; L’ = CH3NHPF2) have been prepared by analogous
methods. 14 The cobalt—cobalt bond in (CH3N(PF2)21 3Co2(CO)2 is even resistant towards attack

by elemental bromine. Thus reaction of (CH3N(PF2)2] 3Co2(CO)2 wit h excess bromine at room

temperature gives brown (CH3N(PF2)2] 3Co2Br4, shown by single crystal X-ray diffraction to have

structure ~~~~ .
~~~~~ Electrochemical studies on (CH3N(PF2)21 3Co2(CO)2 in co%%o ~oration with

Dr. N. El Murr of the Universitê de Dijon (France) indicate both a reversible one -electron

reduction to a green radical anion (C H3N(PF2)21 3Co2(CO)2 and a reversible two-electron

reduction to a pale yellow d anion (CH3N(PF2)213Co2(CO)2
In some cases the ligand CH3N(PF2)2 can replace pairwise the carbonyl groups in metal

c lusters while retaining the fundamental cluster structure . Thus reaction of Co4(CO),2 wit h
CH3N(PF2)2 appears to give products of the type (CH3N(PF2)2]~ Co4(CO)12~~ in which the cobalt
tetrahedron is apparently maintained intact)4 The products where n = 2, 3, 4 and 5 have been
isolated in the pure state.

(5) Nickel Derivatives

A variety of products have been obtained from Ni(CO)4 and CH3N(PF2)2 depending
upon th, reaction conditions. Ultraviolet irradiation of Ni(CO)4 with excess CH3N(PF2)2 in
diethyl ether solution gives colorless (CH3N(PF2)~~6Ni2, apparently XXX I I, which upon pyro lysis
at 150°C gives a light yellow sublimate of stoichiometry (CH3N(PF2)2] 2Ni. The insolubility
of this sublimate suggests a coordination polymer in the solid state, although the mass spectrum of
the vapor indicates a dimer . A photochemical reaction of Ni(CO)4 with CH3N(PF2)2 in a 1:1 mole
ratio gives the yellow crystalline binuclear complex (CH3N(PF2)2] 3Ni2(CO)2, apparently with a
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structure XXXIII (1 = CO) resembling that of the cobalt complex XXVIII except for the
absence of a metal-metal bond. The carbonyl groups in (CH 3N(PF2)2) 3Ni2(CO)2
(XXXIII: L CO) are readily replaced with a variety of ligonds at room temperature even
in the absence of utlraviolet irradiation to give complexes of the type (CH3N(PF2)21 3Ni2L2
(XXX III: I = (CH3O)3P, (C2H5O)3P, (C6H5)3P, monodentate CH3N(PF2)2, and (CH3)3CNC).
A thermal reaction of Ni(CO)4 with CH3N(PF2)2 in a 1:1 mole ratio gives yellow
tCH3N(PF2)2] 2Ni2(CO)3, apparently with structure XXXIV.

CII

F j/N\ F2

~~~~~~~~~~~~~~~~~ 
L~~~~~~~~~~~~~~~~L_

2 Fj~~~~~~ F j \ /
CM3

XXX II XXX III
I

Nickel complexes of fluoraphosphines have also been prepared by cocondensat ion
reactions involving nickel vapor. Thus cocondensation of nickel vapor with CH3N(PF2)2 gives
the coordinat ion polymer {(CH3N(PF2)2] 2NiJ~, apparently identical to the product obtained from
Ni (CO)4 mentioned above. Cocondensation of nickel vapor with (CH3)2NPF2 gives the known

complex ((CH3)2NPF2)4Ni. Cocondensation of nickel vapor with a 4:1 mixture of (CH3)2NPF2
and CH3N(PF2)2, respectively, gives a mixture of white Ni(PF2N(CH3)21 3((PF2)2NCH3I and li ght

yellow N12(PF 2N(C H3)2] 2((PF2)2NCH2] ~ formulated as XXXV and XXXIII (I = (CH3)2NPF2),
respectively.

F ’
~PF CHJ..%
4’

tYt CHf~~~~p~~~ 
~~~~~~~~~~~~~~FiP\ /PF~ CH~

2

XXXIV XXXV
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(6) Cyclopentadienylmetal Derivatives

Reactions of cyclopentodienylmetal carbonyl derivatives with the RN(PF 7)7 ligands

give a variety of novel complexes conta ining both cyclopentadienyl rings and the RN(PF 2)2
ligands . Complexes of this type have been prepared containing vanadium, molybdenum,

tungsten, manganese, and iron.

Ultrav iolet irradiation of C5H5V(CO)4 w ith CH3N(PF2)2 in diethyl ether results in

the pairwise replacement of the four carbonyl groups to give successive ly orange

C5 H5V(CO)2(PF,)2NCH3 (XXXV I) and C5H5V( (PF2)2NCHj] 2 (XXXVII). 7 The compound XXXVII
is the first known example of a fully substituted derivative of C5H5V(CO)4 .

9 9
0C r~j — M~

C.F~3 (:l~I3

XXXV I XXXV II

Reactions of C5H5M(CO)3Cl (M = Mo and W) with CH3N(PF2)2 successively form
orange C5H5M(CO)2((PF2)2NCH2]CI (XXXVIII : M= Mo and W)and yellow C5 H5M[ (PF2)2NCH2] 2C1
(XXXI X: M = Mo and W))3 The structure XXXIX (M = Mo) for C5H5MoE (PF2)2NCH3] 2C1 has
been confirmed by X-ray crystallography. However, in the presence of methanol or ethanol

the reaction of C5H5M(CO)3C1 (M = Mo and W) with CH3N(PF2)2 result in alcoholysis of the
f luorophosphine ligand to give orange C5H5Mo(CO)2(PF2NHCH3)Cl and C5H5W(CO)2(PF(OR)2]CI
(R= CH3 and C2H5, respectively). Apparently a different phosphorus-nitrogen bond of the
monodentate li gand in XXXVIII is susceptible towards solvoiysis depending on whether molybdenum

or tungsten is the central metal atom. Reaction of C5H5Mo(CO)2N0 with CH3N(PF2)2 in boiling
benzene slowly forms ye1 low-orange solid C5II5Mo(CO) (NO )(PF2)2NC H3 (XL).

9
7\

rcj~< 2

XXXVI II XXX I X XL
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Some addition reactions of the fluorophosphines RN(PF2)2 to the metal -metal triple

bonds in the pentamethylcyclapentadienyl complexes ( (CH3)5C5M(CO)2] 2 (XLI: M — Mo and W)

have been investigated. rhe initial products formed from the reactions between ((C H3)5C5M(CO)71 7

and RN(PF2)2 are the red adducts RN(PF2)2[M(CO)2C5(CH3)5]7 (XLII: R— CH3, M~ Mo and W;

R= C6H5, M = Mo) in which the bidentate fluoraphosphine has added to the metal-metal triple

bond without CO loss to gi./e a metal-metal single bond. Reaction of [(C H3)5C5Mo(CO)2] 2
(Xli: M = Mo) with CH3N(PF2)2 under more vigorous conditions (boiling methylcyclohexane)

also results in CO loss to give ( (CH3)5C5Mo(CO)(PF2)2NCH2] 2 formulated tentativel y as XLIII
because its infrared spectrum indicates the presence of bridging carbonyls but the absence of
terminal carbonyls.

R

M-M M _
IC C

0 0

XLI XLII XLIII

9 Su3

IPFj FL? !

4 NV

XLIV XLV XLVI XLVI I
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Some reactions of the cyclopentadienylmetol carbonyls of manganese and iron with
CH3N(PF2)2 have also been investigated. Ultraviolet irradiation of C5H5Mn(CO)3 with
CH 3N(PF 2)2 in diethyl ether gives success ivel y C~H5Mn(CO)(PF2)2NCH3 (XLIV) and
C5H5Mnt (PF2)2NCH3] 2 (XLV) as yellow li quids. 1 Reaction of C5H5Fe(CO)2C1 with CH3N(PF 2)2
gives successively red-purple C5H5Fe(CO)( (PF2)2NCH3] Cl and red C5H5Fe( (PF2)2NC H3] 2CI
(XLVI) cont&ning only monodentate CH3N(PF2)2 Iigands . Agai n these monodentate ligands
are susceptible towards solvolytic removal of the uncornplexed PF2 group as indicated by the

reaction of C5 H5Fe(CO)2CI with CH3N(PF2)2 in the presence of methanol to give brown—black
C5H5Fe(CO)( PF2N FIC H3] Cl. Ultraviolet irradiation of [C5H5Fe(CQ~3] 2 with CH3N(PF2)2 in
tetrahydrofuran or pentane results in pairwise substitution of the four carbonyl groups to give
successively low yields of purple (C5H5FeCOJ 2(PF2)2NCH3 and red t C5 K5Fe(PF2)2NCH3I 2~
rh~ latter complex has been shown by single c rystal X —ray diffraction to have the unexpected
structure XLV II in which one of the two CH3N(PF2)2 ligands has undergone phosphorus—nitrogen
bond rupture to form separate PF2 and CH3NPF2 units . The bonding of the CH3NPF2 unit to the
bimetallic system is unusual since it is attached to one iron through its phosphorus atom and to
the other iron through its nitrogen atom. This is the only well—defined example where an
aminodif luorophosphine derived ligand is bonded to a transition meta l through its nitrogen atom .

B. Polyphosphines Containing Terminal Dialkylamino and Alkoxy Groups and their Metal Complexes

Research at the University of Georgia by the principal investigator during the period
1968—1975 resulted in the development of methods for the synthesis of diverse polytert ary
phosphines by the bose-catalyzed addition of phosphorus—hydrogen bonds to the carbon—carbon
bonds of vinylphosphorus derivatives as represented schematically by the following equation:

P-H + C H2 = C H-P~ —. ~1PC H2C H2P~ (1)

A major achievement during this project has been the adaptation of this synthetic principle for
the preparation of polyphosphines containing terminal dialkylamino and alkoxy groups.

In order to adapt this type of base-catalyzed addition for the preparation of such
polytertiary phosphines, vinylphosphorus and/or phosphorus—hydrogen derivatives containing
terminal dialkylamino and olkoxy groups ore required . Vinylphosphorus derivatives of this type
are much easier to obtain than such phosphorus—hydrogen derivatives and t herefore were used for
t his synthetic work . Key compounds for this work are ( (CH3)2N] 2PCH=CH2 and (C2H5)2NP(CH=CH2)2
which were obtained by reactions of ((CH3)2N] ~ Cl and (C2H5)2NPCI2, respectively, wUh
vinylmagnesium bromide followed by hydrolysis with aqueous alkaline tetrasodium ethylenediamine
tetroacetate .~~~ Mother key vinylphosphorus intermediate is (CH3O)~~CI*CH2, obtained by
methanolysis of ( (CH3)2N] ~ CF+~C 112 in boiling methanol .
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The polyphosphines containing phosphorus-nitrogen and/or phosphorus—oxygen bonds

are constructed by bose-catalyzed additions of various phosphorus-hydrogen compounds to the

above vinylphosphorus derivatives . For example, the additions of the secondary phophines

R~ H (R = CH 3 and C6 H5) to t (CH3)2N1 2PC14-CH 7 cata lyzed by KH give the corresponding

diphosphines R~ CH 2C H2Pt N(C H 3)21 2~ 
T he base-catalyzed additions of the primary phosphines

RPH2 (R= CH3 and C6H5) to((C H3)2N1~~CH=CH2 can be controlled to give either the 1:1

adduct diphosphines RP(H)C H2CH2Pt N(C H3)3] 2 or the 1:2 adduct triphosphines

RPrCH~CH~ (N(CH3)3] 2]2 dep.~nding mainly upon the mole ratio of the reactants . Reaction

of KPH2 with t(C H3)2NI2PCI# C112 followed by hydrolysis gives the tripod tetraphosphine

Pt C H2CH 2P[ N(C H3)3] 2~ 3 (XLVIII). The base-catalyzed additions of the secondary phosphines

f W2CHi 
~~N(O4 / 1~J(CU3)

~~~~~ 
~~c~HZ CMLP(~~~~~

2. 0

5 4H~
XL V III  X L I X  L

R2PH (R= CH3 and C6H5) to (C2H5)2NP(CI+CH2)2 can be controlled to give either the 1:1 adducts

(C2H5)2NP (C H=C H2)C H2C Hf R2 or the 2:1 adducts (C2H5)2NP (C H2CHfR2)2 again depending largely
on the mole ratios of the reactants. Base-catalyzed additions of the primary phosphines

RPH2 (R= C6H5, CH2C6 H5, and CH2C(C H3)3) to (C2H5)2NP(CH=CH2)2 result in cyclization to give
the corresponding 1, 4—diphosphacyclohexane derivatives (C2H5)2NP(CH 2CH2)2P R (XLIX).

The pal yphosphines containing terminal methoxy groups can be. prepared either by
base-catalyzed additions of phosphorus-hydrogen compounds to (C H30)2PC H=C H2 or by methanolysis
of the corresponding polyphosphines containing terminal dialkylamino groups. Thus the potassium
hydride catalyzed additions of (C6H~)2PH and C6H5PH2 to (CH3O),PCH=CH2 give the diphosphine

(C6H5)2PCH2CH2P(OCH3)2 and the triphosphine C6H5P[CH2CH2P(OCH3)2] 2’ respectively. The
phosphines containing terminal methoxy groups R2PCH2CH2P(OCH3)2, l~’(CH2CH2P(OCH3)21 2
(R = CH 3 and C6 H5), and P’ CH2C H2P(OC H3)2]3 have been obtained by methanolysis in boiling
toluene of the corresponding phosphines containing terminal dimethylamino groups.

A triphosphine containing both dimethylamino and methoxy terminal groups

C6H5P(CH2CHf(OCH3)2](CH2CHf(N(CH3)2] 2) (L) has been obtained by the base-catalyzed

addition of C6H5P(H)C H2CH2P( N(CH3)3]2 to (CH3Q)2PCH CH2.

- -—. —-.
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Some preliminary studies on the transition metal coordination chemistry of the ligands
(C4 H5),PC H2CH2P(OC H3)2 (abbreviated as Pf-Poni) and C6H5Pt CH2CH 2P(OC H3)3] 

~
, (abbreviated

as Pom—Pf -Pam) have been made . Reaction s of these Ii gands with nickel (II) nitrate in boiling
methanol give the yellow diamagnetic complexes (Pf—Porn)Ni(N03)2 and (Pom — Pf—Pom)Ni (NO3)2.
rhese are tentatively formulated as square planar nickel (II) derivatives with one uncoordinated
phosphorus atom in the case of the triphosphine derivative. Similarly, reactions of these ligands
wit h cobalt(l I) chloride in boiling methanol give t he blue—green paramagnetic (4.8 B.M. by
Evans ’ method) complexes (Pf-Pom)CoCl2 and (Pom-Pf—Pom)CoCI2. Analogous reactions of these
ligands wit h iron(II) chloride in boiling methanol give the orange paromognetic (5.2 B.M.)
complexes (Pf—Pom)FeCl2 and (Porn-Pf-Pom)FeCI2. A yellow diamagnetic apparently
hexacoordinote ruthenium(lI) complex (Pf-Pom)2RuCI2 has been prepared by reaction of two
equivalents of Pf—Pom with [(C6 H5)f] 3RuCl2.

The coordination chemistry of the related ligand (CH3O)2PCH2CH2P(OC H3)2
(abbreviated as Porn—Porn) has also been invest igated. 19 T his ligand con be prepared by
alcoholysis of CIfCH2CH2PCI2 in the presence of triethylamine according to the following equation :

CI2PCH2CH2PCI2 + 4 CH 3OH + 4 (C2H5)3N—~ (CH3O)fCH2CH2P(OC 113)2 + 4 ((C 2H5)3NH] Cl (2)

Metal halides (e.g. FeCI2, CoCI2, NiCI2) do not react with Porn—Porn under conditions that
they react wit h Pf—Pom and Pom—Pf -Porn (see above) apparently owing to the lack of a sufficiently
basic phosphorus atom in Pam—Pam arising from the absence of alkyl or aryl terminal groups.
However, several metal carbonyl derivatives of Porn—Porn have been prepared. Ultraviolet
irradiations of Porn—Porn with the metal hexacarbonyls M(CO)6 (M = Cr, Mo, and W) result in
replacement of four of the six corbonyl groups to give (Pom-Pom)2M(CO)2 (M = Cr, Mo, and W).
No evidence could be obtained for complete substitution of all six carbonyl groups in M(CO)6
by Pom— Pom to give the carbonyl -free complexes (Pom-Pom)3M corresponding to the zerovalent
derivatives ( RN(PF2)21 3M (M = Cr, Mo, and W) disc ussed above. Reaction of Porn-Pam with
the norbornadiene complex C7H8Cr(CO)4 results in displacement of the coordinated diolefin
in the usual manner to give t he tetracarbonyl (Pom—Pom)Cr(CO)4 . Reaction of Porn—Pam with
Fe2(CO), in tet rahydrofuron solution gives the binuclear complex (Pom-Pom)( Fe(CO)~l 2 in
which the Porn-Porn Iigand bridges two iron atoms . Reaction of Porn—Pam with Co2(CO)8 in
diethyl ether at or below room temperature generates the pale yellow monocarbonyl cat ion
( (Porn—Pom)2CoCOI + which can be isolated as its hexofluorophosphate salt.

the extensive coordination chemist ry of CH3N(PF2)2 outlined above makes of interest
an ;nvest igation of the coordination chemistry of CH3N( P(OC H3)3] 2• Our preliminary results
indicate that complete substitution of the fluorines in CH3N(PF2)2 with methoxy groups has a major
effect on the resulting coordination chemistry. Thus reaction of CH3N(P(OCH3)2]2 with Fe2(CO)9
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at 60°C in hexane solution gives a complex of stoichiometry CH3NEP(OCH3)3] 2Fe(CO)3, which

s formulated as a monomer LI because of its high volatility (molecular weight determinations

ore not yet avai lable on this complex). The corresponding fluorophosphine derivative

CH3N(PF2)2Fe(CO)3 has never been found despite numerous investigat ions on the reactions of

CH3N(PF2)2 with various iron carbonyls as outlined above . Reaction of CH3N[P(OC H3)3] 2 wit h

Co2(CO)8 at ambient temperature in tetrohydrofuran solution gives violet—brown crystalline

(CH3N(P(OC H3)21 2Co(CO)3] 2’ tentatively formulated as LII with two diphosphine bridges . T hus
the substitution of fluorines with methoxy groups in going f rom CH3N(PF2)2 to CH3N( P(OC 113)2) 2
lowers the degree of substitution of Co2(CO)8 that can be attained under a given set of conditions.
The rather routine white crystalline complexes CH3Nt P(OC H3)2] 2M(CO)4 (M = Cr and Mo) have
been obtained by di splacement of coordinated norbomodient. in C7H8M(CO)4 (M = Cr and Mo)
with CH3N( P(OCH3)3] 2 in boiling hexane .

CAl3
O I

0~
OC~ _ _ _

~i~
\cc)

LI L II

C. Miscellaneous Coordination Chemistry of Organophosphorus and Organonitrogen Ligands

In addition to the above major efforts on the coordination chemistry of RN(PF2)2
derivatives and on the synthesis and coordination chemist ry of polyphosphines with terminal
dialkylamino and methoxy groups, several other aspects of the coordination chemistry of
unusual organophosphorus and organonitrogen ligonds have been investigated as outlined below .
Some aspects of this work represented completion of incomplete work remaining from the
Air Force Grant AFOSR-71 -2000 funded during the period 1971-1975 . Other aspects of this
work represented exploratory experiments which did not appear promising enough to warrant
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extensive attention . In the interest of brevity only exploratory experiments leading to

publications or representing a major portion of the time of one or more of the project personnel
are mentioned in this final report .

(1) Metal Chloride Complexes of Neopentylphosphines1

Some complexes of various neopentylphosphines with rhodium, nicke l, and palladium
chlorides have been investigated in order to complete work started under the earlier Air Forc e
Grant AFOSR—7 1—2000) In this connection trineopentylphosphine was found to react with
hydrated rhodium(IlI) chloride to give yellow { ((Me3CCH2)3P) 2RhCI2} 2 in ethanol at room
temperature but yellow t (Me3CCH2)3P] 2Rh(CO)Cl in boiling ROC H2CH2OH (R= CH3 or C2H5).
Dineopentylphenylphosphine reacts with hydrated rhodium(III) chloride in ethanol to give red

t (Me3CCH2)2PC6H3] 3Rh~CI4 at room temperature and orange { ( (Me3CCH2)2PC6 H5) 2 RhCI 2 1 2 at the
boiling point . Neither trineopentylphosphine nor dineopentylphenylphosphine reacts with
nickel (II) chloride in ethanol solution . However, neopentyldiphenylphosphine reacts with
nickel (II) chloride in ethanol solution to give purple (Me3CC Hf(C6 H5)2l2NiCl 2, which gives
yel low solutions in polar solvents. Trineopentylphosphine reacts with palladium(Il) c hloride
derivatives in boiling n—butanol to give either yellow t (Me3CCH2)3P] 2PdCl 2 or orange

t (Me3CCH2)3PPdCI3] 2 depending upon the reaction conditions .

(2) Transition Metal Derivatives of Pentavalent Phosphorus

An attempt was mode to prepare transition metal derivatives of pentavolent phosphorus
by t he addition of hexafluoroacetone or hexafluorobutanedione to the phosphido derivatives
(CF3)fMn(CO)5 and (C6F5)2PFe(CO)2C5H5 containing both a phosphorus—metal bond and a
potentially available lone electron pair on the phosphorus. Unfortunately neither of these
perfluorinated ketones appeared to add to the trivalent phosphorus atoms of these phosphido
complexes under conditions other than those leading to complete decomposition of the system .
This line of research was therefore abandoned.

(3) Cyclopentadieny lmetal Carbonyl Complexes of Molybdenum and Tungsten Containing Other
Li gands6

During the course of this research project various research workers in this laboratory
were investigating reactions of C5H5M(CO)3Cl (M = Mo and W) with various ligands. In view
of a general interest in polypyrazolylborate chemistry, pyrazole and imidazole were included
in his study hop ing to get compounds with some structural features related to those of the
polypyrazolylborates.



-18—

React ions of C5H5M(CO)3Cl (M = Mo and W) with pyrazole (abbreviated as PzH)
in boiling hexane, benzene, met hylcyclohexane, or pyridine give ionic products

tC5H5M(CO)2(PzH)21~ CL and/or non—ionic products C5H5M(CO)2(Pz H)CI which are readily
interconverted by the following equilibrium~

rC 5H5M(CO)2(Pz H)2]Cl ~~~~~~~~~~~~~~ C5 H5M(CO)2(PzH)Cl + PzH (3)

Simi lar chemistry is observed upon reaction s of C5H5M(CO)3Cl (M = Mo and W) with imidazole
(abbreviated as lmH) except that the ionic complexes [C5H5M(CO)2(ImH)2]~ Cl are much more

stable towards dissociation of the heterocycle than their pyrazole analogues. Since no evidence
for deprotonation of the pyrazole or imidazole was observed in any of these studies, this line
of researc h was abandoned after fully characterizing the new metal complexes outlined above .

(4) New Polypyrazolylborates

One of the original objectives of this research project as outlined in the original
research proposal was the development of the coordination chemistry of polypyrazolylborates
containing unusual, particularly bulky, substituents on the pyrazole rings or the boron atom.
However, attempts to prepare new polypyrazolylborates from 3,5-di-tert-butylpyrazole and
from 3, 5-bis(trifluoromethyl )pyrazole and potassium borohydride, even for prolonged periods
at elevated temperatures, were unsuccessful . Apparently the bulky substituents on the pyrazole
ring hinder greatly the reaction with potassium borohydride to form polypyrazoly lborates . In
another series of experiments, reactions of sodium cyanotripheny lborate and sodium
cyanotrihydroborate with pyrazole were invest igated. The reaction with sodium cyanotriphenylborote
was found to give a product exhibiting spectroscop ic properties suggesting formulation as
Nat C6 H5B(C N)(C 3H3N2)2] but this product was never obtained in the pure state. The reaction
with NaBH3CN ~lted in elimination of HCN to give the well known sodium bispyrazolylborate,
identified by its infrared and proton n.m.r. spectra.

( Opttca y Active Isocyanide Meta Complexes

A supply of both enantiomers of the optically active isocyanide C6H5CH(CH3)NC
remained from the previous Air Force project AFOSR—7 1—2000 . We therefore investigated the
reactions of this optically active ligand with simple octahedral metal carbonyl derivatives in
order to see how flgand substitution reactionsmightbe used systematically to introduce multiple
chiral sites into transition metal complexes . In t his connection octahedral metal complexes of the
types LMo(CO)5, cis— 12M(CO)4, and fac -L3M(CO)3 (M = Cr, Mo, and W) containing the
optically pure enantiomers of C6H5CH(C H3)NC were prepared by conventional methods . The molar
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rotations [P61 of the LMo(CO)5 (f 58°) and cis —L 2M(CO)4 (118 —126 °) complexes were found
to increase incrementa lly wit h the number of opticall y active ligands (L) in the omplex .
However, t he fac —L 3M(CO)3 complexes were found not to exhibit a regular incrementa l increase
in their molar rotation (148_ 1630) w hen compared with the other complexes in the series.

~~~~~
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