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Abstract ) .

. ‘ .
Various chemical studies have been carried out on the reported

N
Cp2

give CpZUC]‘.2 does not écfually do so. Attempts to determine the
o o ' :

UCl2 which igd to the conclusion that the reaction reported to

nature of the components of this system were made. Instead of

CpZUCI2 the reaction gives a mixture of Cp3UCl and either CpUCl3

or (Cp3U)2ﬂC16, though a distinction between the two could not be
B ) -

made,

In an attempt to expand the very limited work done to date on
" the tetrakisamides of thorium and uranium, fhe synthesis of vafiqus
derivatives of M(NR2)4 was attempted and fodnd to be sucéessful wheﬁ
R = Me, Et, i-Pr, and C6H5 but was unsuccessfui when R = SiMe3; The
compounds, in addition to their extreme air- and moisture-sensitivity,
were also.found to be heat- and light-sensitive. The isopropyl and
pﬁenyl derivatives were founa to be four-coordinate, presumably
tetrahedral molecules, while the others are somewhat associatgd:
The tetrakisamides, with the exception of the isopropyl derivative,
were fbund to be reactive toward cyclopentadiene'yielding complexes '
of the type CPZU(NRZ)Z and Cp3U(NR2), thé reactivity pattern being
interpreted in terms of the bulkiness of the amide group. The mass,
infrared, and the NMR spectra are reported and the spectral proper;ies
are discusgsed.

In the absence of szUCIZAas a starting material for the
preparatién of szU-derivatiyes, the reactivity of CpZU(NEtz)2
toward protic reagents was investigated. It was found that the

Teaction of the bisamide with monodentate thiols gave complexes



‘of the type, Cp3U§§; as the majo¥ product except for the reaction of
the bulky t-butanethiol which gave the désired szq(SR)zf The results
of the reaction have been interpreted in terms of disproportionation
?f the formed‘,szU(SR)2 complexes. The reactions of CpZU(NEtz)2 with
'diprotiq chelating 1igandswerefound to yleld chelated complexes of

the type CpZU(Chel), with o-mercaptophenol and catechol. However,
reactions with toluene-3,4~dithiol aqd,&-methylcatechol proved to be
more complicated. In addition it was found that CS2 could be inserted
into the uranium-nitrogen bond of CpZU(NEtZ)2 to form the correquﬁding

dithiocarbamate complex.

The lH-‘and 13C—NMR spectra of the paramagnetic complexes have

been tabulated and their general features discussed. The tetrahedral
tetrakisamides are well-suited for qualita;ive discussions coqqe;ning
éhe origin of the observed isot;opic chemical shifts. Finally the
ilﬂ—NMR spectra of various Cp3UR (R = alkyl,rhalide; OR, SR, NRZ’ etc.)

complexes are compared and contrasted.

vl'3
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CHAPTER I -\\GENERAL BACKGROUND

OF BISCYCLOPENTADIFNYLURANIUM CHEMISTRY

\

\

INTRODUCTION

~ Organoactinide chemistry had itgxpégin~ around 1940 partially
as a result of World War II. The Uniteh States{ Manhattan project

Qas established to deQélop nuclear power;‘ Several researchers,1'2
as part of the Manhatfanfproject,'were attempting to synthesize -
uranium compounds of "high volgtility, high stability, and low
molecﬁlar weight"l for isotope separation. It hadtbeeﬂ hoped that
the tetraalkyls of uranium would have the deéired characteristics.
These‘hopes, hgwever, were soon dissipated as the tetraalkyls were

found to be extremely unstable, decomposing rapidly at ambient

.temperature.l
One of thé most interesting compounds seemed fo be tetrakis-
(diethylamido)uranium(1V), U(NEtz)a, which was repgrted in 1956 by
Gilman, 55_51;3 U(NEtZ)A presumably was prepared pr;or to 1956 but
was hot'reported until then as seems to have been the case with other
uranium compounds which were prepared earlier but reported in theﬂ

1,2 In light of the kind of compouhd which was sought

early 1950's
during the Manhattan project, U(NEt2)4 was the most interesting in
that it could be distilled under high vacuum. However yields of the

reaction were low (<30Z). The low yields were due to a combination

'of factors: thermal decomposition during distillation,



»~

sensitivity to air and moisture, and photodecomposition (as will be
described later) ‘»

Reynolds and Wilkinipn reported the_preparation of triscyclo-
pentadienyluranium chloride, Cp3UC1, in the same‘year.é In dramatic
contrast to the thermal instability of the tetraalkyls; Cp3UC1 could
be sublimed at 200°C under high vacuum. Another véry surprising

. k
property Qf Cp3UC1 was its stability toward degassed waéer. In fact
the chloride ligand could be removed in aqueous solution generating
the cation, Cp3U+, which was also ;table towards water!

The éuccessful preparations of U(NEtz)A’ Cp3UC1, and Cp5U+,
along with gﬁe remarkable stability of Cp3UC1 demonstrated that, in
contrast to the tetraalkyls, stable well-behaved organoactinides
could be preéared. However at a period in history wheﬁ the chemical
litefature was mushrooming with reports of new organometallic com-
pounds of the transition met?ls, virtually nothing was being reported
on'organoactinidés. From 19#6 up to, and includiqg? 1968 there had
been épproximately twenty organoactinide compounds reported in the
iiterature. All of the reported compounds contained the cyclopenta-

dienyl ligand (Cp) with the exception of tetraallylthorium(lv)5 and

bis(cycloqctatetraenyl)ur 1um(1IV), (COT)ZU, commonly referred to as
urano'cene.6 It was uranotene, the actinide "analog' of fér:ocene,
which seemed to revitalife interest in organoactinide chemistry. .

This renewed interest has been seen in both the synthesis of new

compounds and in the physical study of organoactinides.



Since 1968 there have been reports on a variéty of compohnds:

such as Cp3ux (X-aiky1,7—9 ary1,7—9 BH4’10 halide,11-13 and Cbla,ls

8 *
16 U,12’17 Np,12 Pu,l ,19 Am’ZO\Cm’Zl,ZZ Bk,23 and

25,26 CpUC13,27

34 U 31,33,35-42

)»

Cp M (M=Th,

23* 24%
), (szBkCI)z, (1ndenyl)4_xMC1x (M=Th,U),

28,29 (Cp3UCI)2UC14,29 (coT) M (M-Th,3°‘33 Pa

2’
A4S ang pud B30y ey 4 and v fnceo) ], . 4°

Cf
szUCl .
Np
Most of these reports have been on the synthesis and characterization

/
of the compounds. Physical studies (NMR, UV, MossbHuer, and X-~ray

crystallography) have been done mainly on the two systems, Cp3MX and

(COT)ZM.
Three review articles have also been published on the organo-
46-48 ’ 41
actinide literature. The reviews by Hayes and Thomas, and

Kanellakopulos and Bagnalll‘8 together serve as an excellent intro-
duction into this area of éhemistry in that considerable discussion
is given not only to synthetic routes but also to the results of

- the then published physical studies.

| It has already Peen menﬁioped that the Cp3UX system has received
much attention. At the start of this research nothing had been
reported on the szsz'system except the prepargtion of szUClz.28
Hence this work was started in an attempt to expand our bas{c knowl-~ -

edge of Cp2U-chemistry in particular, and our knowledge of organo-

actinide chemistry in general.

Microchemical preparation



] |

SYNTHESIS AND CHEMICAL
7 N

BEHAVIOR OF THE

REPORTED Cp2UC12

Since metathesis has proven to be one of the mosf‘generally
. L 4
applicable reactiond in all of organometallic chemistry‘,l'9 the most
obvious starting material for the synthesis of szU—derivatives

(equation I-1) is one of the dihalides, szsz (X=C1, Br, Y).

OppUX, + MR —————>  Cp,UR, + 2 1-1
M = Li, Na, K, T1, MgCl, etc. N

- R = alkyl, aryl, OR, SR, etc.

Hence the report of Zanella, et 31428 on the prépérafion of szUCI2
was a most exciting and welceme contribution to organoactinide
chemistry. |

The objective of this research was to utilize CpZUCI2 for the
synthesis of a wide variety of representative Cp2U—derivatives and
to compare their properties and chemistry to those of thglr transi-
tion me;al count:erpart:s.s‘o-52

Zanella, et al. reported that CpZUCI2 couldvbe.grepared by the
react}on qf a mixture of UC14 and two equivalents of tyclopenta-

dienylthallium YI), T1Cp, in 1,2—dimethoxyethane,28_DME,\as shown *

in equation I-2. - The product was isolated by filtering off the

4 ooT1cp —2E o Cp,UCL, + 2TiC1 I-2

'Ugla



insoluble'%lclofollowed by removal of the solvent from the filtrate
in vacuo. Elemental analyses (not extpemely good but explicaple by
the above isolation procedure), infrared (showed the presence of a
n-Cp ligand), and UV spectra were said Fo characterize the solid as
CpZUC12. It was also reported the_Cp3UC1 (which starts to sublime
at 180°C at 10_3mm Hg) wasrnot present since nothing could be

sublimed from the green-brown solid even at 200°C and 1o’§mm*yg.

\
The formulation of the green-bfown solid as szUC12 seemea\

reasonable. First of all the route used in the synthesis o
has beén used to prepare various cyclopentadienyl derivatives
transitioﬂ/metals49 aﬁd even Cp3UCl.10 Secondly the apparent ahsence
of Cp3UCI‘and UCI;-ZDME (reported to be absent on the basis of thy
UV spectrum) along with the production of the required amount of‘
T1C1l seemed to be indirect evidences for the formation of CpZUCIQ.

The reaction reported by Zanella, et al, was repeated in béth
DME and THF with the two reactions producing similar results. In
addition the reaction of UCl4 and two ;quivalents of NaCp seemed to
produce the same material as the T1Cp reaction. Crystallization .
from THF, however, produced a bright green solid in contrast to the
green;brown color of the original material.‘ The bright green crystals
were éiightly soluble in benzene. NonetheIéss éﬁe 1H—NMR spectrum
showed a single resonance at approximately 6.8 p.p.m. relative to
inﬁetnal benzene. This, together with the infrared spectrum, thch
showed bands at 3093, 2960, 2890, 1015, 1008(sh), 799(sh), and 791

cm—l, indicated the presence of the cyclopentadienyl ligand. However



‘the mass spectrum showed only the presence of Cp3UC1 (m/e 468,

Cp3035C;) with nothing seen at m/e 438 as would be expected for

Cp2U3501‘. The observation of Cp3UC1, and not szUCIZ, was thought

2
to be due to a lower volatility of szUCI2 sompared to Cp3UC1 and
to slight thermalhgecomposition which genérated Cp3UC;. The latter
' argument was enforced by our observation, contrary to Zanella's
claim, of small amounts of Cp3UC1 every time an attempt was made to
sublime szUC12. At this point the grgeﬁ crystalline material was
formulated as pure CpZUC12 and the discrepancy in color between it
and Ehe original solid was attributed to the presence of a small
amount of Cp3UC1 in the latter. ‘Several reactions were run (Table I)
‘utilizing the greeq compound as pure szUCIZ.

The known stability of transition hetal aryls and the reported
synthesis of Cp3UC6X5 (X=H,F) by Brandi, et é_1__:53 provided.sufficien;
reasons to believe that the corresponding Cp2U<C6XS)2 (X=H,F) should
also be stable complexes. Hence CpZUCI2 and L1C6F5 were reacted
at -78°C with an immediate éhange in the color‘of the reaction mixture
being observed. After the solvent was removed from the reaction solu--
tion in vacuo, the resulting solid was found to be much less soluble
~ than before the solvent was removed. lH- and 19F—NMR, infrared, and
mass spéctra failed to characterize thé reactioh product. The reac-
.tion was repeated two more times, but eaﬁh time the same results
were obtained.

The same apparent change in solubility properties and inability

to isolate a characterizable product were also observed when Cp2D012



TABLE 1

SUMMARY OF THE REACTIONS PERFORMED WITH "Cp2U012"

ACCORDING TO EQUATION I-1

2MR SOLVENT(S) REACTION COLOR CHANGES OBSERVED
TEMP (°C)
2C6F5Li THF-—EtZOa -78° yellow-green to dark brown
2C6H5Li 'I‘HF—Et:2(.)‘;ﬁ_._h a.t.b yellow-green to dark red-brown
(C6H5CH2)2ﬂg THF-DIOXAN 0° yellow-green to dark_red-brown
2(06F5)Mgcl THF .:-15o yellow-green to dark brown
2,2'4812H8L12 THF ’a.t yellow-green to dark brown
2,2'-—C12F8Li2 ‘ THF -78° yellow-green to dark greep
KZCOT THF a.t. yellow-green to dark green
2LiNMe2 THF a.t yellow-green to dark yellow-brown
2NaSC6H5 THF a.t yellow-green to dark red-brown |

EtZO'is diethyl ether

b a.t.

is ambient temperature



was reacted with LiC(Hy, (C.HCH,) Mg, (CF5IMECL and 2,2'-C) X L1,
(X=H,F). In light of the fact that at the time a wide variety of
Cp3UR (R=alkyl, aryl) compounds were being isolated and studied,7'53
it seemed uﬁlikely that the uranium-carbon o-bond in szURz should
be 80 unstable as to produce the difficulﬁies we had encountetfed.
Even in the case of the 2,2'—C12X8Li2 (X=H,F) reactions whg;e the

| resulting metallofluorene complexe954 would be anticipated to be
even more st#ble than the corresponding aryl complex (i.g.
CPZU(C6XS)2) as a result of the formation of a delocalized metallo-

34,35 the same change in solutility properties was

cyclic system,
seen. As a result of the above observations and the logic which

caused us to think that the uranium-carbon bond should not be so
unstable in the anticipated compounds, it seemed very possible that

the green crystalline solid was not CpZUCIZ.

In an attempt to verify the nature of the green crystalline
material chemically, further reactions were attempted. rIf the green
starting material is actually Cp2UC12 then reactions with KZCOT,
2Nasc6H5'and 2LiNMe2 should 1lead to chq(COT) or CpU(COT), CPzU(SC5H5>2’
and CPZU(NMeZ)Z‘ respectively. It was thought that the.NaSC6H5 and
LiNMeZ reactions yould be more informative than the'KZCOT reaction
since all of the corresponding transition metal derivatives (i.e.

CpZM(NMe M=Ti, Zr, Hf 36 and CPZU(SR)Z’ M=Ti, 2Zr, Hf 56’57;

2)2’

58’59) dre stable well-behaved compounds.

M=Mo, W
The reaction of Cp2UC12 with KZCOT produced uranocene as the

only isolable product. More importantly, the NaSC.Hg and LiNMe,
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reactions gave no characterizable complexes. .Furthermore, at about
this same time 1t was also noticed that after successive crystalliza-
tions of szUC12 from the mother liquor, CpBUCI started to crystalize
as well. Though it was earlier thought that Cp3UC1 could be an

" impurity in the crude CpZUC12, the amounts crystallized were much
mére than would be expected from a simple impurity. As a whole all
these observations cast very'serious doubts on the formulation of

the green crystalline solid as Cp2UC12. It was therefore decided to

investigate the nature of this solid in somewhat'more detail.
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ATTEMPTS TO DETERMINE

"

THE NATURE OF "CplUCl,

An initial set of 1H—NMR experiments was pétformed in order to
decide the nature of "CpZUCIZ". The same group that reported the
prepafétion of CpZUCl2 had later reported the preparation of CpUCl3
by the same basic route.27 The compounds reported to be CpUCl3
and "szUC12” were both prepared using the same reaction conditions
(i.e. amounts of reactants, length of reaction gime, etc.) as
reported in the literature and their lH-NMR‘spectra (Table II)
were recorded. The Ly wMr spectra of s#mples of "CpZUCIZ" prepared
by various routes were also recorded. The results in Table II
indicafe Fhat CpZUCI2 has not been formed, but the synthesis rather,
prodvced a mixture of Cp3UCI and possibly CpUClB.' The alternative
explgnation that the low field resonance is due to szUC-l2 can be
ruled out based on our mass spectral work whichodid not sﬁ;w any
peaks co;respopding to Cp2U012 whereas some very recent work has

shown that CpZUCl when present, can be seen in the mass spectrum.

2’ .
The possibility that szUCI2 was formed, but then disproportionated

X

(equation 1I-3), seemed an attractive mechanism for the formation
2p,UCL, —————>> Cp,UCL + CpuCI, 1-3

of the components found by NMR and is.in line with the results of
the crystallizatian process which would give'éhe more insoluble

CpuCL,.
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o~ ﬁ o
TABLE IXI
INITIAL IH—NHR RESULTS OF "CpZUClé" IN C6 6
SIGNALS® SAMPLE NO. ‘MATERIAL USED FOR 1H-NMR
DME b
6.89 1 UCla f ZT;Cp ——s—ﬁij—*-:>
10.33 '
' A __DME - C
6.94 2 UCll. + T1Cp T> :
- DME ‘
6.83 3 UCl, + 2TICp ——po—>>
10.30
_ THF
6.78 .4 U1, + 2NaCp ——5——>>
10.38
6.88 5 Recrystallized "CpZUCJ-
6.98 6 . Sample #2 + DME
4.80¢
10.40 7 CpjUC1

given in p.p.m. relative to CGHé recorded on Varian A-60 spectro-

meter
prepared under the same conditions reported by Zanella, et 52:28

prepared under the same conditions reported by Dorettd, et g;;z?

DME
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Howeyer a recent report by Kanellékopulos, g&_gl:zg gave an
apparently different explahétion for the reaction scheme. The com-
pound obtained after quantitativé extraction with DME followed by

crystallization was formulated as (Cp3U)2U016'2DME on the baéis of
elemental analyses, a molecular weight'determination (>1200 as
compared to 439 for Cp2UC12),-and UV spectra. In addition they
report the preparation of the same compound by two differgnt methods

(equations I-4 and I-5), the solvent-free complex (equation I-6),

and the closely related compound (Cp3U)UC15 (equation I-7).

3cp,U + 3ucy, —2ME_ 2(Cp,U),UCL *2DME  I-4
2CpgUCL + UCL, _ DME .| (Cp4U),UCL, - 2DME I-5
. ; _
2Cp,UCL + UCl, __cz_ng_> (\ijU;zUC16 I-6
Cp,UC1 + UCI, —~?§—HG———> ~ (cpauIuCI 17

At first‘the product reported by Kanellakopulps, et al, does
not seem to agrée with the disproportionation of szUCI2 into Cp3UC1
and CpUCl3 as earlier po§fulated. However the formation of (Cp30)2UC16
by the reaction of Cp40 ;ﬁd UC14 (equation I-4) seems to provide the’
first clue linking his results with equation I-3. Given that Cp40 :
and UC14 react to form (Cp30)2001 ,rthere ﬁust be some agsociationb
bgtweenvthe two since ehere is a rather large covalent contribution~l
to‘the uranium-ring bonding iﬁ Cp4U.14 The crystal structure of

Cp4U14 indicates that there is no room around the uranium in Can for
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.

the association to occur via a chloride bridge, ‘so most likely a

cyclopentadienyl ligand bridges both metals. The bridging cyclopenta-

dienyl ligand, though not common, is well documented (e.g. Tle61 and

crystalline.Cp3Sm62). Hence 1f one Cp is transferred from one uranium

to the other the two p-~ductd formed are Cp3UCI and CpUCl,, but these

_ 3’
are exactly the products postulated for the disproportionation of

Cp2UC12. If indeed CpUCl3

'reactions mentioned (i.e., equations I-3 and I-4), then the QUestion

and Cp3UC1 are common products of both the

arises as to how they in turn react to form (Cp3U)2UC161

The reactions reported by Kanellakobulos, et al. show that

Cp3UCI and UCl, react to give (Cp3U)2UC16. Hence it is not unrea-

4

sonable to assume that both Cp3UC1 and UCla

in the reaction forming ”szUC12" in order to form (Cp3U)zUCI6.Y

must somehow be generated

Since there is no evidence to suggest that Cp3UC1 can disproportionate,
it is not unreasonable to assume that CpUCl3 is the one that dfkpro-

portionates to give ‘»1UC1 and UClA (equation I-8). The overall reac-

3CpUCL, —————3> Cp,UC1 + 2UC1, ' 1-8

tion for the formation of (Cp,U),UCl, from CpUCl, and Cp,UCl can be
STE37727776 3 3

Al

seen in equation I-9. However at this point it was still conceivable

3CpUCL4 + 3Cp,UCL —————=>  2(Cp,U),UCl I-9

3 6

were both nothing more than transient species

that CpUCl. and CpZUCI

3 2
and that the disproportionation of CpZUCI2 was essentially that of

equation I-10, or for that matter it is conceivable that szUCIZ-is
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3Cp2UC12 —f————~——;> 2Cp3UCI + UCla‘-————-——~:> (Cp3U)2UC16 I-10

not even formed and the yields essentially are a mixture of Cp3U01,

6"

In an effort to determine the nature of the "CpZUC12” system a

ucl,, and (Cpyu),UcCl

second set of NMR experiments was designed. The 1H~NMR spectra of
(Cp3U)2UCI6 (prepared by the reaction of Cp3UC1 and UCl4 in hot DME),

CpUCTb (prepared by the slow addition of'TICp to UCl, . in DME), crude

4
"Cp2UC12" (the product isolated after following the conditions report-
‘ed by Zanella, et 11128 as closely as possiblé), and Cp3UC1, vere e
recorded. (See Table IIIf) Muéh to our surprise the spectra of
CpUCl3 and (Cp3U)2UC16 showed singlets in approximately the saﬁe”
place.

It was not certain whether éhe séall differences in chemical -
shifts seen in Table III were due to different complexes, as orig-
inally hoped for, or were only reflections of slightly different
experimental conditions (e.g. different concentrations). In order
to decide between the two possibilities it was decided to record
the 1H—NKR spectrum of crude "CpZUClz" and to add successively to
that sample, solutions of (Cp3U)2UCl6 and CbUCl3 and record the
spectrum after each addition. The results of this study are shown
in Table IV. It can be seen that there are only two peaks observed

-and that the relative areas of the two changed after each addition.

(i.e. the peak at about 6.8 p.p.m. grew in intensity),



TABLE 1II
lH-NMR STUDIES ON THE ”szUCIZ" SYSTEM

SIGNAL® SAMPLE |

6.94 cpuc
10.35 | Cp,UCL
‘ ) " nC
6.82 cruée Cp2UC12
10.45
6.86 (cp,v).uct 9
3772 6

given\iﬁ p.p.m. relative to 06H6; recorded on Varian A-60

prepared under the same conditions reported by Doretti,

et al.%’

prepared ﬁndet the same conditions reported by Zanella,

et a1,%8

-

prepared according to equation I-5

15
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TABLE 1V

Li-NMR SPECTRA OF MIXTURES OF THE

PROPOSED COMPONENTS OF THE "Cp,UCL," SYSTEM
SIGNAL®  RELATIVE SAMPLE
AREA

6.83 1.0 crude "CpZUC12"

10.52. 5.2

6.83 1.0 crude "Cp,UCL," + (Cp3U)2UC16
10.48 2.3 )

6.86 - 1.0 crude Cp2UC12 + (Cp3U)2UC16 +,
10.34 0.90 CpUCL, .

given in p.p.m. relative to internal benzene:

recorded on a Varian HA-100 spectrometer
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At this point a simple conclusion seems to be emerging 1f one
accepts the assumption that it would be unlikely that accidental
chemical shift equivalengs could produce a single, very sharp line
"(a 3.5 Hz line width at half-height). It seems that in the course
of making szUCI2 indeed one forms a mixture of (Cp30)2UC16, Cp3UC1,
and UCia, and with time the generated Cp,UCl and UCl, react to form
more'(Cp3U)2UC16. More iﬁportantly it would also appear that.
”prp13" is a mixture of (Cp3U)2UCI6 and UCla, and has no real
existeﬁcef '

It was of interest to confirm the NMR Eonclusions on this
syétem by some chemical reactions which were monitored by NMR (Table V),
UC12" in DME, or heating ”CpUCls" and

2
Cp3UC1 together in NME, should produce only (szU)ZUCl6. Indeed this

For instance heating.crude "Cp

was found though the reaction was slow. Interestingly i; was found
that 1if the DHE was removed in vacuo .and }eplaced with THF the reac-
tion proceeded much faster. However when an ;ttempt.was made to
dissolve YCpUC%B" in THF so that it could be added tg a solution of
Cp3UCi in THF to observe the accelerated réaction, the "CpUC13f very
quickly precipitatéd after dissolution.j 1nce‘(Cp3U)2UCl6 and UC14
are soluble in THF, this unexpected obs;ézation seemed to indicate
Fﬁg} -(Cp3U)ZUCl6 and "CpUC13" are different. Another bbservation
which tends to support this is the faét that a sample 6f crude
"Cp2UC12" (earlier postulated to be a mixture of (CpsU)2U016,

"

Cp3UC1,fand UC14) dissolved completely in toluené, for ifJ"szUCI2

was actually this mixture then the UClb should not have dissolved,
& ’
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TABLE V
FURTHER 1H-NMR STUDIES ON!THE "Cp2UC12" SYSTEM
SIGNAL® RELATIVE . NMR SAMPLES IN BENZENE
' AREA
6.94 - CpUCl3
10.35 - ‘Cp3UC1‘
6.86 - (Cp3U)2UCI6 = K
6.72 crude "Cp2UC12" = A
10.45
6.87 1.0 A heated in DME = B
0.32 4.0 _
.88 - K heated in DME
v 6.93 - CpUCl3 heated in DME
.83 1.0 CpUCls + Cp3UCI heated in DME = C
10.30 " 1.2
6.79 1.0 B stirred in THF for six hours
10,47 1.2 | |
- 6.75 1.0 C stirred in THF for ten hours
10.30 0.1
6.72 1.0 A extracted at ambient temperature into toluene = D
10,39 3.3 |
6.85 1.0 D-stirred in THF for three hours
10.38 2.0
6.82 1.0 D stirred in THF for 19 hours
10.45 0.6
6.93 K in THF and benzene

given in p.p.n. relaéive to internal‘benzéne; recorded on Varian

A—56/60 spectrometer
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Theréfore at this point the composition\of "CHZUC12" is not
known with certainty gﬁ.e. the conflicting NMR and chemical observa-
tion), but it is clear that ”CpéUClz" does not contain any real
CpéUClz. In all probability the green‘9£YStallihévsolid which was
earlier used for reactions and assumed to be Cp2UC12 was'(Cp3U)2UC16.
It is aiso clear that this reaction system (equation 1-2) daag not
give queF(iju)ZUC16 as reported by Kane}lakopulos, et g;;,zg‘but
1s much more complicated.

The formulation of tﬁe green, crystalline solid as (Cp3U)2UC16

rather thén Cp,UCl, provides a rationale for the difficulties encoun-
4 Pyl dy 3

tered in the synthesis of Cp2UR2 (Table I) since on® of the expected
products of (Cp3U)£yC16 and LiR would be UR&' The corresponding

1,44 The reason

alkyl derivatives are known to be extremely unstable.
why the other reaction product, Cp3UCI,7 could not be isolated is

unclear.

_?_{
\
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SEARCH FOR A POTENTIAL

STARTING MATERIAL FOR THE

SYNTHESIS OF szU ~DERIVATIVES

The elusiveness f szUCI2 raised several questions: 1) was the
disprqportionatioh sez2n 1 the attempted preparation of szUCI2 a
result of an inherent instab:lity of szU-derivatives relative to
the corresponding Cp3U—der1vatives?; 2) was the inability to isolate
the hichloride a result of the synthetic route rather than an inherent
instability?; 3) in the absence of CpZUCI2 what else could be used
as a startiné material for tﬁe synthesis of other CpZU—derivatives?{
4) what factors govern the disproportionation?; etc.

Taking the optimistic outlook wé hoped that it was the synthetic
route which was the cause of our inability to isolate szUqlz. As a
result another starting magerial was sought which would allow us
entry intb the study bf szU—derivatives; In this regard, two known
reactions of transition metal conplexes seemed relevant. First it

"was shown by Bradley63 andLappert:56’64 that amido dgrivatives of ghe
ﬁransition metals react with a variety of protic reagants ({.e. HX)
forming new complexes in a simple acid-base reaction by the elimina-
tion of an amine with the concurrent formation of the éorresponding
transition metal-X bond. Secondly it was also known that the tetra-

. kisamido derivatives of Ti, Zr, and Hf react with cyclopentadiene to

form szM(NRZ)2 complexes (equation I-11) where the metal-nitrogen
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/

= CpM(NR,), + 2HNR I-11

M(NR 2

2) st ‘2CpH

M= Ti; R = NMe

M= Zr, Hf: R = Me, Et

»

bond is susceptible to furthgr acidic displacement reactions (equation
I-12).56 It seemed that such a synthetic route, in the absence of

szUC12, could be ideally suitable for uranium chenistry.

szM(NR + 2 ——————> szM(X)2 + 2HNR 3 I-12

2)2 2

X = OR, SR, etc.
The research therefore took on a ﬁew direction. The objectives
now became the synthesis of various tetrakisamido derivatives of U
(1.e. U(NRZ)A)’ their utility toward the preparation of Cp2U(NR2)2
complexes, and the reactivity of these derivatives toward acidic

ligands with the hope of preparing other szU—derivatives.



CHAPTER I1 - TETRAKISAMIDO DERIVATIVES OF THORIUM AND URANIUM

INTRODUCTION

Amido derivatives of the transition metals and, lately,vthose of
the lanthanides, M(NR2)x’ have occupied a very important place in
the chemistry of these metals:65 Indeed Bradley and his school have
demonstrated that by the choice of suitable amido groups unusually
low coordination numbers can bé achie;ed for'both groups of

66,67

metals. The synthetic utility of the amides for the preparation

of other traﬂsition metal complexes by acid displacement (equation II-

1)56’63'64 and by insertion of a dipolar molecule AB (equation II—2)68~X)
M(NR,) ~ + zHY —————’—————> M(NR,) _(¥) + zHNR, I1-1
' - —_—— -B- ' -
M(NRZ)X + xA B M(A-B NRz)x I1-2

have been investigated by both Bradley.and Lappert. It is then

ironic that even though the synthesis of the first actinide amido
combiex, U(NEtz)A' by Gilman, et 5143 has preceeded these studies

and seems to have provided the impetus needed for their initiation71
studies on the synthesis and chemistry of actinide amidés has-been
largely neglected. Indeed at the start of tﬂis regearch the 6niy
other report of an actinide amide was that of Bradley and Gitlitz in
which Th(NEtz)4 was synthesized, 72 although the yield of the reaction
was very small. This, in hind-sight, can be attributed to. the dis;il-

lation'of the product which is now known to be heat-sensitive. In )

contrast to their transition metal counterparts, only the reactivity

22
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of U(NEt,), toward ROH and RSH (yielding U(OR)A and U(SR)A,respes_
tively) has been 1nvestigated.3 Presumably since better ways were
known to make either U(OR) or U(Sﬁ)a Gilman, et al. did not pursue
the feactivity of the amide.3
Our main interest in the amido complexes of the actinides
was the study of their synthétic utility. However due to the
fact that U(NEtz)4 is a veryﬂstichrsolid at ambient temperature,
Cth‘anszfer of appropriate amounts for further reactions is not easily
accomplished. ThereYore we were led to investigate the syngbesis of
other Q(NR2)4 deriva;iyes, the principal prerequisite being the isola-
cioﬁ of a solid for easy hanﬁling. It goes without saying that the
uranium-nitrogen bond must s;ill be rather reactive for the compound
to be useful as a starting material'in'stseQUent reactions., It also
occurred to us that some of these complexes might be monomeric making
them four-coordinate complexes. |
Isolation of four-coordinate complexes would in themselves Be
of interest for several :é;sons.. It is well known that the chemistry
6f the actinides 1is characterized by higher\coprdination numbers
(i.e. 2 6) in their compounds.73 In fact coordination numbers of
1273 and 1474 are known, but there are only a small number of known
four-coordinate compques.75. In addition it would be expected that .

14,76

such complexes would have a tetrahedral geometry. A tetrahedral

geometry would be mos£~he1pfu1 in analyzing NMR spectrg of the
uranium amides since contributions due to the pseudo-contact mechanism

in such complexes will be negligible.77 .As a result one would not
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have to worry about the standard problem of the separation of contact
77

and pseudo-contact contributions talthe total isotropic shift.
T An extension of this work to the ;horium amides should also be
quite useful as there are only two known four coordinafe complexes

of thorium75 and the corrééﬁonding thorium amide would be best to

use as 8 diamagnetic reference in determining the isotropic shifts in

the uranium amides.77 In addition nothing has been reported in the

literature on the reactivity of the only thorium amide, Th(NEtZ)A.
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SYNTHESIS AND PROPERTTIES

OF Th- AND U(NR,),, COMPLEXES

¥
R=Et

The preparation and isolation of U(NEt2)4 by the method of Gilman,
et al. is at best inconvenient. U(NEtz)4 is prepared by the reaction

e——

of UClA and LiNEt2 in ether (equation II-3) for about two hours. The
—_— -
MCl4 + 4LiNR2 M(NR2)4 +A4L1C1 ~II-3

" removal of ether under vacoom yielded the crude proﬂoéi which was
heated at 60-80°C and 20 mm Hg followed by diétillation under higher
vacuum (0.96 wm Hg) at 80-120°C. A yield of less than 30X was obﬁain—
ed after alstillation. |

" There are_severaI bad pé&gts about this'preparatio%gi First of
all diethylether is not the best; choice as reaction solve;tﬁ This 1is 4~
no reflection against the synthetlc abilities of_Gilman, et al. sinco
the solventfused here, THF, was seldom -employed in 1956 Besides
not being very soluble in ether, UCl4 has a tendency to form clumps
of solid in ether which must be broken up. This in turn means that
‘the flask must be opened thereby increasing the dhances of the de-
composition of U(NEt )4 by air or moisture. On the other hand the
use of THF ‘allows the reactioo of solutions of UCl4 and LiNEt2 rather

than a solid UCl4 and a solution (LiNEt ).

Secondly, it is questionable whether or not the reaction 1s

complete in one or two hours as postulated by Gilman. In our

aaJ
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experience with several other amide reactions, such a short time
invariably produces a mixture of comﬁoUnds containing, besides the
desired tetrakisamides, haloamido derivatives.

Thirdly, a general characteristic of the tetrakisamides of
thorium and uranium is that they are heat sensitive. Hence the
diatillétion-naturally resulted in some thermal decomposition. The
amount of decomposition, of course, depends on how high the amide
i8 heated.

Sevéral attempts were made to distill U(NEt2)4 in the earlier
stages of this work. It was founq that 1f the distillation was
carried-out with a normal distillgtion set-up the yields were indeed
veryhlow. Trap to trap aistillatiqn, attempted in an effort to reduce
the pathhlengﬁﬁ of the distillgtion apparatus, was piagued by préblems
arising from bumping.

It was then decided to prepare U(NEtz)A, remove the solvent
under vacuum, then reéissolvg:the product in penta;e. Filtration
‘would then get rid of the other product, LiCl. This procedure was
followed in the preparation.of C.sz(NEt:z)2 (Chapter III.) fhe
abservation of both CpZU(Nﬁtz)2 and'Cp3U(NEt2) in the reaction product A
(247 Cp3U(NEt2) - Chapter III) iﬁdicated that the intermediate forma-
tion of U(NEtz)a was still not quani}}a&ive since the amount of
cyélopentadiene a&ded should have only produced the biscyclopenta-
dienyl derivative. It was discovered that when light was ex- |

cluded during the preparation of U(NEtz)4 the presence of Cp3U(NEt2)

could be eliminated and excellent yields of pure szU(NEtz)2 were

i
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obtained even after crystallization (i.e. approximately 88%) indicat-
‘ing a near quantitative convefsion to U(NEtZ)A' (A separate attempt
to isolate U(NEtZ)A in this way resulted in at least a 977 yield.)
The di'scovery of.thé light-sensitivity oé U(NEtz)a, though it was
determinea 1nd1réct1y and qualitatively, showé thét, contrary to
Gilm%ﬁ;s3 and later Watc's78 procedure, U(NEt2)4 can be isolated
essentlally pure and in high yields without distillationc Recently
Bagnall and Yanir also reported that U(NRz)a' prepared in situ, could
be usgd to make various Cetrakisgarbamnte derivatives.79 However
their method of preparation, which will bé discussed in connection
with fhe preparation of U(NMez)A, does require experimental detaills
not published in their paper. //) :

Th(NEtz)4 was prepared exactly as U(NEtz)4 and is also presumed
to be light—senéitive, though thé point was not pursued. Like its
uranium analog, Th(NEtZ)A wa;.found to be a very stic#y solid when
pfoperly dried iﬂ.!£$22~ Typically a sgmple of the tetrakisamide
was left under vacuum at ambient temperaturé overnight to remove last
traces of solvents before spectral studies were undertaken.

The very sticky nature of these amides makes their transfers
very difficﬁlt and in fact was the very reason the study of other
tetrakisamides was undertaken. Nevertheless, should the use of
these partiéular amides become necessary, there are two ways in which
they may be efficiently transferred: 1) the amide may be coo;éd down
to liquid nitrogen tempetaturef' With a high positive pressure of

<

nitrogen, the flask containing the amide may be opened and the amide
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pulverized with either a spatula or a glass rod. Then the solid ;ay
be transferred as any other extremély air-sensitive solid would be
provided that all glassware is kept cold. Extra care must be taken
in using this procedure since moisture is more easily condensed on
cold glassware. However with care and patience, the procedure is
quite satisfactory. 2) The amide may be dissolved in a volatile
solvent (e.g. pentane) and the solution can be carefully transferred
to a preweighed flask. Removal of the solvent under vacuum at
ambient temperature followed by a reweighing of the flask will give
the weight of the amount transferred.- Care must be employﬁﬁ when
transferring solutions due to the extreme air-sensitivity. Even so
one mayvtransfer the solution with a syringe if the precautions out-

A

lined in Chapter VI are followed.

R-SiMe3

In light of Bradley's successful preparation of three-coordinate
complexes of Sc,nTi, V, Cr, and Fe66 and the lanthanides67 using the
bis(trimethylsilyl)amido ligand, attempts were made to prepare thé
corresponding uranium(IV) dgrivative, U[N(SiMe3)£]4. Li[N(SiMe3)2]
was reacted with UC14 according to equation II-3 for 20 hours at
ambient temperature in THF. Removal of the solvent under vacuum
yielded a brown solid, parf of which was soluble in penfane and part
véf which was soluble in toluene. The IH—NMR spectrum of the brown

pentane-soluble 80lid was quite complex showing singlets at 6.46,

6.80, 6.88 and 7.09 p.p.m. (relative to internal benzene) with the
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addition of broader singlets at 9.44 and 10.34 p.p.m. ;n the toluene
soluble fragment. E;en after a second sample was refluxed for 60
hours a complex 1H-NMR spectrum was obtained for the pentane and
. toluene spluble fragments. However the peak at 9.44.p.p.m. wag
larger than that in the 1H-N’!j{R_spectrum of the previously obtained
reaction product. &he mass spectra of both the pentane- and toluene-
soluble solids showed that U[.N(SiMeB)ZJ3 35Cl+ (m/e 753) was by far
the most abundant uranium containing ion. A small peak at m/e 878
can be attributed to U[N(SiMe3)2]4+, but this was seen only after
the reaction solution was refluged for 60 hours.

ﬁence it must be concluded that the bis(trimethylsilyl)amido
- ligand is simply too bulky to replace all four of ghe chloride ligands
in UC14 even under the more forcing conditions of reflux. Bradley,
et al. have also atteypted the preparation of the tetrakisamido
derivative of thorium, but have failed. The only isolable proéuct
was Th[N(SiMe3)2]3Cl.75 If the larger thorium(IV) is unable to
accomodate four bis(trimethylsily)amido ligands then it is not at
all surprising that the small uranium(IV) (Table VI) will not be
able to do so either.

Undoubtedly U[N(SiMe3)2]3C1 is a four-coordinate complex. But
sincé our attention was focused mainly on synthetically useful
reagents and since structural work on Th[N(SiMe3)i]3C1 is in progress

’ N
by Bradleyso, attention was focused on less bulky amido groups.



TABLE VI

EFFECTIVE IONIC RADII OF VARIOUS METALSa’b

METAL RADIUS (K)'¥
T4 (IV) 0.61
Zr(1v) 0.72

HE (IV) 0.71

Mo (IV) 0.65
W(IV) 0.65
Th(1V) " 1.06
Uavy 1.00

-

a
reference 81

based on the more common coordination numbers
of the transition metals (i.e. six) and

actinides (i.e. eight)
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Rei-Pr
The teaccion of UCla with Li[ﬁ(i—?r)zj (equation II-3) for 24

hours et ambient temperature produced a mixture of U[ﬁ(i—Pr)i]3Cl

and U[_N(‘i-—Pr)z]4 as determined by a combination of 1H-NMR and mass

: spectra. On refluxing UCla and Li[N(l—ér)zjfor 60 hours in THF, pure

U[N(i—Pr)2]4 was obtsined but in low yields (approximately 502).

The very dark brown solid obtained was very soluble in all solvents

including pentane. In fact U[N(i Pr)é]a is so soluble that crystalli—

zation from butane at -78°C could not be effected. Hence the crude

reaction product was freed of LiCl by dissolution in pentane followed

- by filtration and removal of the pénfane under‘vacuum. The resulting

solid showed only a broad resonance at 1.25 p.p.m. (relative to.
internal benzene; one lﬂ) and a doublet at 7.15 p.p.m;:(six 1H).
(Figure 1.) A mass spectrum confirmed that the compound was lndeed
U[N(i-Pr)z] 4hby obsefvatiou of the expected molecular ion at m/e 638.
A trace of U[N(1- Pt)2]3 Cl was revealed by a peak at m/e 573. Amine
analyses were consistently low but always gave an amine/uranium ratio
_of at least 3.5/1. In addition samples sent away'for C,H analyees'
were always low by about 5Z. The low C,H analyses combined witn the
low yields obtalned caused ue concern. The difficulties encountered
ln the analysis were ascribed to the presence of small amounts of
1mpu;1ties. It was' thought thag\?he extended interaction of

Li[N(i—Pr)zJ, a very strong base, with refluxing THF might be a

potential problem since it has been sh t Li[N(i-Pr)é]'will
. . : - 82-83
remove a hydrogen frowm a carbon atom @ to a.carbonyl group. -
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Figure 1. lH—NMR Spectra of M[N(i—Pr)2].4 Complexes. Chemical

shifts given in b.p.m. relative to internal bénzene.
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'

In order to eliminafe this and hopefuliy imﬁréﬁé the yield and
the gurity of the prodﬁct, the following two variations of the synthe-
sis were carried out. In the first UC14 and Li[N(i—Pr)g were.allowed
to react at 0°C for a few hours. The THF was removed under vacuum
and was replaced with pentane. Refluxing for about‘48 hours'gave
a 57% yie;d of U[N(i—Pr)zjau in the second E(i—Pr)zNngBr was pre-

pared (equation IT-4) and then reacted with UCl, (equation II-5).

(1-Pr)MgBr + HN(i—Pr)2 —_— t(i—Pr)zN]MgBr + C3H8 II-4

4[(4-Pr) NigBr + UCl, —————> ULN(1-Pr),], + 4MgClBr TI-5

Aftér1{& hours at room temperature the reaction solution consisted
mg?nly of U[N(i—Pr)Z:k but other weak peaks were seeﬁ in the 1H-NHR
spectrum. After changing the reaction solvent from THF to pentane
the solution was refluxedd for 12 hours during which time all of the
extra pequ,@isappeared leaving only those due to U[ﬁ(i-Pr)2]4. The
product was isolated in 637 yield. Although the yields of the isoia—
ted complexes ﬁére improved somewhat, the'i;prpveyent was not spec-
tacular aha unfortunately anélyses were still unsacisfgctory as the
carbon was 3% and the hydroggn 0.7% lower thaa the cﬁléulafed values.
(See Chgpterrvi.) S |
However confidencg could be placed in the'fact that the product
was indeed U[N(i-Pr)2]4: there was no AgCl formed afte; the sﬁmple
was decompdsed in HN03 and H2023:and AgNO3 was added; the mass
spectfum showed onlyAU[N(i-Pr)zjz; and the 1H- and 13C—NMR sbectrg

showed no other H-or C containing species. We therefore attributed
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the difficulties encountered in analyses to thermal instability of
the amides (samples were also sent away to Bernhardt but they gave
even poorer results), air-sensitivity, and of ¢ourse, our inability
to crystallize the samples does not allow us to exclude the presence
of small amounts of impurities in the isolated amides.

Similar behavior was seen in the preparation of Th[N(i—Pr)sz
except that the yields of the reaction were higher thag for |
U[N(1~Pr)2]A. A 78% yield was obtained in the preparation of
Th[N(i—Pr)ZJ“ while, at best, only a 63% yield was obtained for
U[N(i-Pr)zja. The difference in ylelds reflects the difference in
slzes of the two metals (Table VI). As will'be elaborated later
on the mass spectra of both Th- and U[N(i—Pr)zja show a large number
of intramolecular H2 eliminations brought about by the sterically
crowded molecules. (The construction of a molecular model quickly

eliminated all skepticism that might have existed about the steric

crowding in the molecule.)

36

The NMR and mass spectra, combined with the observance of steric

crowding in molecular models, clearly indicate that both ¢ - Th- and

U[N(i—Pr)ZJ4 are monomeric, four-coordinate molecules. However due

to ‘their extreme solubility in even butane, no crystalline products

could be obtained. Therefore their utility as far as x-ray structural

wvork was concerned was nil, and the search went on for a more suitable

complex for crystallization.



R=C_H

Even though both Th- and U[N(i-Pr)2]4 are undoubtedly four
coordinate complexes, their low reactivity (which will be discussed
*later) and solubility properties taused us to turn to a different
amido l1igand. What was needed 'was a less bulky amide which would
also be less soluble than the diisopropyl comp1e¥es. It was decided
to investigate the preparation of the diphenylamido complexes.

An initial reaction was tried dsing LiN(C6H5)2 as in equation
IT-3 in THF, but extraction of the presumed U[N(C6H5)z']4 with benzene
produced a sticky material which could hot be freed from benzene
except under heat and vaéuum. ﬁowever in so doing the .sample was
decomposgd by the amount of heat necessaé; to liberate the benzene.
The presumed U[N(C6H5)J,‘ was insoluble in pentane or hexanes and
behaved in toluene the same way as it did in benzene. Attempted
cyrstallization from toluene also failed. Since LiCl has moderate
solubility in THF the separation of LiCl and U[N(C6H5)2]4 posed a
problem once the reaction had gone to completion. In addition the
" reaction of LiN(C6H5)2 with ThC14 in THF produced a purple solid
which is very unusual in that Th(IV) has no d or f electrons and it's
complexes, in all probabiiityare all either white or light yellow. .
So it seemed that the LiN(C6H5)2 route was not the best.

Dermer and Fernelius repbrted the preparation of Ti[N(C;HS)z']4
in 1934‘using KN(C6H5)2 and TiC14§4 since KCl is insoluble in THF

it should precipitate out as soon as it is formed thus solving the

problem of separation outlined above. The reaction of KN(C6H5)2 and

o

37
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UClA at 0°C in THF produced a deep red solutioﬁ. Indeed 1t was seen
that KC1 precipitated out and that it could be removed by filtration.
A reaction time of 24 hours produced 962 U[N(Cgﬂs)z]é and 4%
U[N(C6H5)5]Cl as determined by 1H-—NHIi. Stirring the reaction solution
for ‘an additional 12 hours at ambient temperature saw complete eon—
version to ULN(C6H5)2]4 (Figurelé).

Attempts were made to crystallize this compound from a THF-
pentane solution, Due to the extremely air-sensitive ﬁature of the
solution and the long times generally required for the growth of well-
formed siﬁglé crystals, no crystals suitSble for structural work
could be obtained.

Due to the extreme air—sensitivizy of Th- and U[N(Cs"s)zja'
satisfactory elemental anal&}es could not Be obtained. The 1H~NMR
spectrum of U[N<06H5)2]4 showed no other signals, while no éuch con-
clusion could be drawn about the Th analog since all of the phenyl
resonances occur very near to benzene and only a broad single peak
was observed. However both_samplés were found to be chlorine free.
Hence confidence could be placed in the pQrity of the compound as was

confirmed by chemical reactivity, but this will later be described in

more detail.

R=Me
The preparation of one final amide,"U(NHez)a, wvas attempted.
It was hoped that this complex would be less soluble than UEN(1~Pr)2] 4

and more stable than U[ﬁ(C6H5)2]4 complex so. that purifiéation of the
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complex would be more convenient. Of‘course, the possibility that
the complex would not be monomeric (and therefore not four-coordinate)

was real, but at this point in the research this seemed hardly a

factor to be considered.

The reaction of UC1l, and LiNMe2 (equation 1I-3) in THF yields

4
U(NMez)a.iiln contrast to the high solubilities of U(NEtz)a and

U[N(i—Pr)zja. U(NMe was found to be less soluble in common sol-

2)4
vents. -It 18 nearly insoluble in pentane, slightly soluble in bep-‘

. . T
zene, but rather soluble in THF. The solubility properties of

U(NMe2)4 render .the separation of LiCl from U(NMezga difficuit.
Utilization of a mixed solvent system, THF-hexanes (1:3 v/v),

helps in this regard although“nbt all of the LiC} was rembved_5
as shown by positive litﬂiﬁm and chloride tests. The low amine
analysis obtained on this sample, 93% éf the theoretical valuez

can at least partly, be explained by the known presence of LiCl

as an impurity. \

Since the "ideal" starting material was not realized in this
amide either, and éxpecially since its reactivi toward cyclopentg—
diene was less than desirable (Chapter IV);.fur her"experiméntqtion
with the synthesis was not undertakeﬁ. ' : "'.

Howeﬁer a recent report by Bagnall and Yan1r79 on various tetra-
kiscarbaﬁate comflexes of Th and U (synchesizgd by the insertion of

either C02, cos, 082 or CSe2 into the correéponding tetrakisamido

%
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derivative) contains a brief mention of the preparation of the amides,
M(NR2)4 where R = Me, Et, 1-Bu. It is said that the réactions were
carried out in hexanes and the comélexes were isolated by filtratioﬁ
and evaporation of the solvent from the filtrate. That the dimethyl-
amido derivative could be obtained in this wa& was rather surprising
" to us since we have observed it to be insoluble in hexﬁnes. To
remove any ambiguity about the two synthetic mefhods and contrasting
properties of U(NMez)a, the methodagf‘glgnall was répeated. Since )
no experimental detailg are given by‘Baghall, the first reaction of
LiNMe2 and Uc}a (equation&}1-3) in hexanes was performed using
LiNMe2 which had been isolafed and weighed out, as is our.usual
practice.' ‘A dark precipitate appeare’whic_h would not redissolve
even after 48 hours (Bagnall isolated his amides after 17_hours);'
However the addition of THF céﬁged ;apid diss;lution of tﬁe solid
and complete conversion to U(NMez)a. It should also be noted that
similar observations were also made in an attempted preparation of
TH(NEt2)4 (which is soluble in hexanes) using this procedure. The
1ntermedi§te precipi?.‘ is postulated to be amido-chloro-species
which are insoluble in the hexanes and results in the very slow
conversion‘to the tetrakiéamides.

A second reaction was then performed. This time,. however, the .
LiNMéz was not isolated but waé prepared in the presence of excess
amine aﬁd the UCl, was added to the resultant slurry. The reaction

seemed to proceed as before in the early stages (i.e. a dark precip-

‘itate formed), but after 24 hours a dark solution was obtained.



Filtration of the solution fellowed by removal of the solvent from
the filtrate resulted in a dark brown solid. A mass spectrum of

the solid showed only U(NMez)4 (m/e 414). A 1H—-NMR spectrum in C D,

5

(1t was qualitatively observed that this solid was more soluble 4h
eithét hexanes or benzene thap that obtained‘from either the THF
reaction or THF-hexanes mixture) was most puzzling as several strong
emissi%g_peaks we;e observed. The peaks remained even after one hour
with their positions changing slightly. The nature of the species . in
solution which éaused this phenome?on is not known. (The NMR spectra
of the other products were-véry poor due to limifed solubility,
however the emission peaks observed above‘were not seen.)

Bagnall's ﬁéfhod (1.e.) the use of excess amine when preparing
LiNR2 in situ) could presumably be applied to other amide complexes.
However it must be remembered that the actual isolation and weighing
-out of LiNR2 permits a mofé striggeht control of the stoichiometry,v.
a very important consideratio; wh;h the amide is prepared in situ

for further reactions.
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SPECTRAL STUDTIES

NMR SPECTRA

The 1H—NMR spectra of Th- and U[N(i—Pr)zja, and U[N(C6HS)2]4
are»sﬁown in Figures 1 and 4, respectively, The'lH-NMR spectrum of
Th[N(C6H5)2]4 was uninformative since, in the absence,of paramagnetic
shifts, only a complicated multiplet was observed at the same posi-
tion as that of the residual protons_in C6D6' The lH—NMR spectrum
;of.U(NMez)a cannot be given with any certainty due to the low sol-
ubility of U(NMe2)4 in benzene, (a spectrum run in THF did nothing to
clarify the situation). 1In addition the l3C—NMR spectra of Th- and
U[N(i-Pr)zja were recorded and are shown in Figures 2 and 3, fé;pec—
tively. .Besides nofing the sharp resonances, including spin-spin
coupling (inspite of the presence of a paramagnetic uranium atom) ‘Q

and drawing attention to the small isotropic shifts, we defer the

discusstgn of these spectra to Chapter V,

INFRARED SPECTRA
Y
A priori cne would predict from simple group theoretical consid-
eration that a MN4 framework (as in the tetrakisamides) which 1is

tetrahedrally disposed about M would exhibit one metal-nitrbgen

stretching mode, v(M—N)(Fz)'in the infrare& spé;;fa. Hence the
observance of a éinglejsi&ong band at 590 cmfl in the infrared

. “ -
spectrum and a single polarized Raman band at 532 em 1 in Ti(NMez)4

led.-Burger, et al. to assign the bands to v(Ti—N)(Fz)‘and v(Ti-N)(Al),

N
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respectively, on the basis of a tetrahedral geometry about

titanium.85 Later Bradley and Gitlitz similarly assigned the single
band in the 700-500 cm—1 region of the IR spectra of M(NR2)6 complexes
(R = Me, Et, n-Pr, n~Bu, 1-Bu; M = T{, Zr,.Hf) to v(M-N)(Fz) based on

a tetrahedral geometry.72

In contrast to the IR spectra of the transition metal‘defiva—
tives, the spectra of Th- and U(NEt2)4 (Figure 5; Table VII) exhibit
three bands below 600 cm-l. The obsefvance of more than one band in
the v(M-N) region, indicates that the geometry of U(NEtz)4 is lower
than tetrahedral. On the basis of ﬁhe infrared spectrum and the
following observations it is prsposed tﬁat the lowef éymmetry of
U(NEtz)a is a result of molecular association 1) Bradley ‘has
found Zr- and Hf(NMez)a to be slightly associated (degree of associa-
tion is 1.22, where 1.0 indicates a monomer); 2) the mass spectrum
of U(NMe )4 which will be discussed later on shows dimeric ions in
the gas phase; and 3) the much larger size of Th(IV) and u(1v)
compared to Hf(IV) (Table VI) allows for more association This
would result in more than one v(M-N) mode to be infrared active.

As can be seen from the data in Table VII the highest frequency
band of. the trio is in good agreement with the previously reported N\
v(M-N) bands of Th- and U(NEt ) - Bradley and Gitlitz report that
the infrared spectrum of EtN = Ta(NEt )3 (local C3 symmetry) showed
only one metal-nitrogen stretch (E) at 585 cm -1 while two bands (Al,

E) are expect:ed.72 They did, however, note that a weak band was pre-

‘sent at 49Svcm_1 which could be due to the Al mode. In addition the

e
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TABLE VII

—~

N

SUMMARY OF SOME BANDS IN THE INFRARED SPECTRA®
M(NR2)4 COMPLEXES

/
REFERENCE

benzene solution

R M symv(NCz) ”i v(M-N)
He Th 990s® 5308 d
U 980s 520m d
- . 5008 4823hf e
_— 498s  438s®
Et Th 998s 5408 c
? 995g 5408 c
993s 549s 499s e
v 990s 56Ds  496s e
9908 5558
i-pr Th 998s 521s e
4} 9968 520s e
-1-Bu Th - 6458
' U - 638s
'C6H5’ 4] - 497m e
2 given in cm_1
P 8 = strong; m = medium; w = weak; sh = gshoulder
¢ from reference 72 - '
d from reference 97
e this work
£ mull



infrared spectrum of szU(NEtz)2 (Chapter III) ghows bands at 561 and
494 cm_1 which are consistent with the twolv(M—N) modes expecfed for-
local\C2v symmetry. Hence it seems reasonab;g to aésigﬁ the two“
high frequency bands to metal-nitrogen stretching modes, while the
-asgignment ofltﬁe lowest frequency band is uﬁcertaip. (1t should be
noted that Bagnall and Yanir make no mention of the 495 cm"l band.)
Since the only clear-cut example of an assoclated actinide amide,
albeit in the gas phase, was the tetrakisdimethylamidouranium(IV) for
vhich only one v(M-N) band was reported,79 it was decided to reinves-
tigate the infrared spec;rumlof this complex both in the solid state
and in a non-coordinhtipg solvent. The low frequency portion (i.e.
below 600 cm-l) of the infrared spectra (spectra were recorded in a
mineral oil mull and a benzene solution) was somewhat similar to
that of Th- and U(NEtz)A' Bands w;;e seen.at SOO and 482 cm—1
(mull, both were broad) and, at 493, 438 and 392 cm"1 (benzene solu-
tion) with the 438 and 392 bands also being broad. This broadneés
may Indicate the preéenée of several bands but this is uncertain.
_X Nonethelésé it is Apparent by the appearance of more than one‘
band in the v(M-N) region that U(NM32)4’ like Th- and U(NEtz)a, is
neither a monomer in benzene solution nor in the solid state. Also
in the Th- and U(NEt2)4 coﬁplexes, the two higher frequency bands
are assigned to v(M—N) while the assignment of the lowest frequency
band is uncertain. What is important is that one indeed sees strong

bands in the region which is associated with metal—nicrogen‘stretching

% .modts for a molecule which is most probably associated. This we
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believe pragides further support for our conclusion about the
diethylamides.

The v(M-N) frequencies of Bagnall and Yanir (Table VII) are
20-30 cm-'1 higher thah those reported in this work, whereas the
frequencies of the other assigned baﬁds are close. The reason for
the discrepanéy of the low'frequency bands is not known. It should
also be noted fhat we obtained identical infréfid spectra frém
U(NMeZ)4 samples prepared by our method and by the presumed metﬁbd
of Bagnall. '

The simplest association of these molecules would be a dimeric

unit. One possible structure would be

§oad

possessing an overall D2h symmetry and thrqe terminal, IR active,
metal-nitrogen stretching modes would be expected. Mofe associated
species (i.e. trimers, tetramers, etc.) would also cause one to
predict more than one band.

In line with the-predicted tetrahedral geometry for Th- and
U[N(i—Pr)z]A (?1gure 5) and for U[N(C6H5)2]4, théir infrared spectra
show only one band in the metal-nitrogen stretching region at 521,
420, and 497 cm-l, respectively (Tablé VII). Each of these three
bands is assigned to the v(M—N)'(Fz) mode'baéed on a local tetra-

hedral geometry.
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There are three possible ways in which the metal-nitrogen
stretching frequency, v(M-N) can’be affected: an increase in the
mass of the NR2 ligand should cause a decrease in v(M-N); ;n increase
iﬁ s;eric interactions should cause a decrease in v(M-N) because
they produce a weaker metal-nitrogen bond; and an electronic—efféctu

would increase or decrease in v(M-N) depending on the relative contri-

butions of resonance forms £ and é- Electron donatihg groups will

Z+

M-NR<—> M=NR

2

~

2

lw

cause an increase of contribution 4 thereby increasing v(¥-N) while
electron withdrawing groups will have the opposite effect, Hence
the observation by Bradley and Gitlitz that the v(M-N) decreased in
the order,

N(i—-Bu)2 > N(n—Bu)2 " N(n-Pr)2 ;‘NEtzxbeMez
for complexes of Ti, Zr, Hf, and Ta causedﬁggzh to explain the trend
in terms of nitrogen — metal pn-dn bonding (i.e. a larger relative

contribution of %).72 ‘Similarly Bagnall and Yanir interpretted the

v -

(i—Bu)zNﬂzNﬁggg\> NMe,,

in terms of the same type of electronic effect.

decrease of v(M-N)

Table VII summarizes the available data on tetrakisamido deriva-
tives of Th and U. It can be seen from Table VII that v(M-N) decreases
in the following order

N(1-Bu), > NEt, > NMe, ~ N(1-Pr), > N(C/H),. .
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The explanation given by Bradley and éitlitz would predict the de-
crease in v(M-N) as seen above except for the N(i—Pr)2 complex. If
the electronic effect predominates in all of these derivatives the
N(i-Pr)2 complex's metal-nitrogen stretching frequency should be
greater than that ?f the NEt2 complex. The decrease in v(M-N) of
the N(i—Pr)2 complex‘is b?st interpretted in terms of a predominance
of the steric effect over the electronic effect and a weakening of

the metal-nitrogen bond as compared to the oth: rwplexes with

gimilar electron donating properties.

MASS SPECTRA
Mass spectrometry in organometallic chemistry has become one of
the most powerful tools for identification of compounds, for the deter-

mination of fragmentation patterns which can help in the elucidation

of molecular geometries, and for estimates of bond dissociation ener-

gles andlheats of formation of ions.8§—88 Here, and elsewhere in

this thesis, it will mainly be used for identification purposes though
several decompositio£ schemes will be mentioned. |

The mass spectra of several M(NR:) complexes (R = Me, M = U;
R=Et, M=Th, U; R = i—Pr,.M = Th, U; R = C6H5, M = U) have been
recorded. This is in contrast to Watt and Gadd's failure to obtain
the mass speétra of either the Th- or U(NEtz)‘..78 fhey‘report that
the mass spectra of the two compounds were identical showinéym/e 446

PR

as the highest peak which was attributed to polymeric decomposition.

Based on our experience in running the mass gpectra of extremely
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air-sensitive samples, it would seem that their failure is a result
of an iné;equaté procedure for the direct insertion of air-sensitive
compounds into the mass spectrometer. The results shown in Table'VIIr,
through XI establish thet the tetrakisamido derivatives of Th and
U do indeed give reasonag}e mass speetra. ,

The mass speceral data of U(NHeZ)A,is giden in Table VIII.
Unfortunately there was some thermal decomposition as the sample was

volatized (140°C) as seen by the fact that peaks at m/e 45 and 44

. .
'

+
‘ (HNMe2

" at m/e 414 18 not the base peak\of the spectrum but rather is the

and Nbu?+, respectivelv) po off-scale. As a result the peak
(v,
largest metal-containing ion. Q

. *y
N .
One of the most interesting as#pects of the spectrum is the

occurrance of a peak at m/e 838 which eorresponds to [U(NMe2)4]2,~
the dimeric tetrakisamide. This is in keeping with the earlier
postulation that the compound.was much less soluble in non-coordinat-
"ing solvents than the other dielkylamido derivatives presumably as a

result of a greater amount of assocfation than in the other deriva-

‘tives. In addition small peaks corresponding to UZ(NMe2)7 (m/e 784),

+

UZ(NMe (Meﬁ;CH2)+ (m/c 783), UZ(NMe (MeNtCHz)+ (m/e SOIL.U(éﬁez)S

2)5
(MeNzCH25+ (m/e 457) were also observed

2)6

(m/e 458), and U(NMez)&
The fragmentation of U(NMe )4 is relatively simple and straight=

forward. The monomeric molecular ion, U(NMeZ)A » loses a molecule

of dimethylamine to give an ion formulated as U(NMe ) (MeN=CH )+

vhich in turn loses the MeVuCHZ radical to givé®the U(NMez)2 ion.

These reactions are verified by the observance of metastable peaks
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TABLE VIIX

SUMMARY OF THE MASS SPECTRAL DATA ON U(NMez)Aa

MAJOR PEAKS -

RELATIVE ‘
MASS ABUNDANCE PROPOSED ASSIGNMENT
(m/e) (%)
828 9 U, (e ), "
) 2V €78
414 100° U(Nb1e2)4+
369 S e, ,[ne)n + cuyt
o 326 27 u(NMe2)2+
PROCESSES OBSERVED
, METASTABLE PEAKS
PROCESS - Calculated Observed
+ ' +
1 oo, =
U(NMe,), > U(NMez)zf(Me)N cgz] +§NMe2 328.9 329.0

U(We,) , [(MeIN=CH, ]} ————S>  U(Me,), +MeN=CH,  288.0  288.0

a8 140°%

b is the largést metal-containing ion
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at m/e 329 and 288 (Table VIII). There were only insignificant

amounts of other ions seen. On the whole the spectrum is quite

simple since only a few decomposition' processes were oecurring.

\Ihcfgass spectra‘of Th- and U(NEtz)A are given in' Table IX.

The 70 ev (i:e. normal operating conditions) spectra of both the Th-

N 3 [od
ang U(NEt2)4 complexes show only the monomeric molecular ion (i.e.

-

m/e 520 and 526, respectively), in cqntrast to U(NNez)4 Any asso-

ciations between monomeric unita wou}ﬁ be a result of Lewié acid-

bq'e type interactions between ‘the ‘formal lone pair of electrons on

" the amido group (%)\and another uranium atom. It has previously

7v

comparable abundance to that of the base pEak Fragmentatfbn k) ea

M

been seen that weak Lewis acid-base adducts of theAtype Can(COT) B
(Ln = a lanthanide metal; B = a Lewis base), do not show the expected

..4 N

molecular ion at 70 ev but do so at much lower electron beam eﬁer4

89 . c
gies. -Hence an attempt was made to search for, dimeric (or trimeric)
ions at lower electron beam energies. It‘was found that an electron

beam energy of 12(‘V gave the simplest spectrum. and the peaks with s

Qﬁe highest intensities but still no peaks at higher mass were seen.

It can be seen from Table_Jx that the spectrum of U(NEt2)4 §t~
v
‘ &N.

12 ev 1is simple and straightforward with the molecular 1o§£bé¥h

t\

to occur by losses of HNEt (e.g. m/e 526 — m/e 453). and H2

A
cules at 12 egvihile at 70 ev. loss of the Vth radical from the&molec—

ular ion (i e. m/e 53% ~ m/e 454) followed by loss-of a molecule of ~L;f

S

hydrogen is comparable to the lo

: u'-‘

L

of a Hz'nolecule, This is seen blhthe.,jéll ‘peak at m/e ﬂS& at 12 ev

- N B '-fz; = —,..-.‘ ) L3
: o = ‘ A ARG A .
v . L ;.,.&w L - Lo T .

L * LG . . < .o . - s -

oﬁwi{:iethylamine followeﬂ by los., ) “-5 i
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~while at 70 ev m/e 454 is neavly comparéble to m/e 543,

55

G

(1ts intensity is explained just by 13C contributions to m/e 453)

The mass spectra of the diisopropylamido derivatives (Table X)
ag&‘much more complicated than the other spectra observed to date on
amiao compounds. A complete assignment of the spectra, or even a
Fodplete assignment of the peaks which are present in significant
‘abundﬁnce (i.e.>10%), would be quite involved and tentative at best

due to the many possible sources of ions. The more complicated nature

of the spectra than those reported here or any of the other published

, mass spectra of trangition metal amides65 i8 due to the ve.y sterically

crowded nature of the mb‘gcule. The steric interactions increase as
' f . '

the branching from the carbon o to the nitrogen increases. Hence the

order of steric inf@ractions, N(i-’-Pr)2 >NEt2>NM02, is exacﬁly the same
+ 4

as the order of complication of the spectra.

¢

One impdftant feature of the speécra is the much larger amount
of the M(NR )3 ion in the diisopropyl derivatives than in either
the dimethyl or diethyl derivatives. It appears that the diisopropyl-
amido group is lost quite readily from the molecularrion_while losses
of amine are more ﬁnedominantwin‘the'other derivatives. :.The earlier

explanat%on of the low v(M-N) in M[h(i -Pr) ]4 being due, to s;er{c

/

‘ effects is in fact supported by the present maséKspectral data. The

low v (}1-N) indicated that the metal-nitrogen bond had been weakened

as a result of steric interactions, so if this explanation is indeed

[ T
correct,one would expegt this bogd to be more easily cleaved than in
i >
the other amides. By losing one NIi—Pr)z group the molecule greatly

~ "" ;'A i

Lk



PﬂrABLE X
" SUMMARY OF THE'Ma ECTRA OF Th- AND U[N(1- -Pr),],
I— Th“’b———l_ d@f
RELATIVE _ RELATIVE
MASS - ABUNDANCE MASS ABUNDANCE PROPOSED ASSIGNMENTS
(m/e) (%) " (m/e) (%) g .
632 8.0 638 522 ﬁf ':'N :‘ .
532 30.0 538 11.3 n[ﬂ@!ﬁﬁf)ij;' -
53  100° . 536 100 [(1-pr) NIMQN,C H 26)
528 36.9 '534'l~9_ 335 [(1-?:) RILTEN Y
526 9.4 532 . 10.0 L M(NC o Hae)
488 5.1 wis. 36 9 mong i)
487 1.0 483 10.4 MONLC) B0
486 7.5 492 9.5 M(N,C, H,,)"
igqti 4.5 453 10.4 MIN,C, 31)’
44 40.8 - 4 . M(N,,C
aai. e :';“w% K 4ji | 2: : M: c 1: 29)
& y 2°12"27
430 3.5 436 15.7 MN2C12H26 s
429 167 435 6.1 wcm S <
389 . 2.2 3.95  13.0 MONC, 23)
3g7 1.6 | 393 22.6 M(NC, M 21)
373. . 5.3 379 10.0 MNcgﬁlg ]
% 140°

the main’representative metal-containing peaks are given

125% ' N '
o ‘ q..
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reduces the number of steric interactions as the NUN angle would
most probably be 109° 1in the tetrakisamide and 120° 1n U[N(i:g=)2]3+.
Another interesting aspect of the spectra is the sﬁceessive’
dosses of three H2 molecules once the M[N(i—Pr)2]3+ ion is generated.
These ions aﬁﬁear at m/e'530 598 and 526 for the thorium amide and
at m/e 536, 534, and 532 for the uranium amide. The losses of H2 are
verified by the obsetvtnce éf'the eﬂpected megpstable peak four mass
units below the {on tﬂag 1oses the hydtogen. Ib &s 1nteresting to

note that thp mass sp;ctruﬁ Qf*UEF CN(! Pr)2]4 (1 e. the C5,-inserted

2
product) does not show such lossés bf‘ﬂ !%!meﬁear implication of -

7
-

this is that steric interaction is a necessary reqﬁirement for»;be’ﬁz

~

L
e

losses. \Whedkér the loss of HZ habpens between two adjacent amido

[

groups or witfllone is, not certain. However the rather different
Q

behavior of the amide and the dithiocarbamate and significant changes
of the fragmentation pattern after the observation, of the fragment

18 36) could be taken as an indication of ipterligand H2 ;-

abstraction. S ‘ ;
. Ly ‘}

(MN

,f?hgﬁﬁass spectrum of.UE\J(C6H5)ZJ4 (Tq e XI) is relatively ' s
//s?ﬁ;le and straightforward. The lar%?'AbundanceJof thg U[ﬁ(C6H5)2]3+‘f:f7;:
ion (m/é 742) 1s interpreted in terms of a weaker metal-nitrogen
@bondfn the tetrakisamide than in the other.dialkyiamido deriv&tives .’ﬁpxé“
(cf. the low v(¥-N) of U[ﬁ(CGHs)éja in Table VI). Tﬁe constitution - ,U'

t
of the peaks at m/e 573, 569, and 403 is indeed“puzzl§ng since one

A .

would haye to violate normal rules of chem%;al‘bonding to explain™”
e T '
1v vz* -

them. *

s . ’ - S )
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TABLE XI
. a
SUMMARY OF THE MASS«SPECTRUM OF U[N(C/H(),],

RELATIVE

MASS ~ ABUNDANCE PROPOSED ASSIGNMENT
(m/e) (%) .
+
910 23.7 . ulneegny,),]
72 - 100" u[N(CHg),],
_ ! ; +
740 8.9 UN(C L) ,], [ M (CeHg)] v
-+
573 21.0 URICA BN | RI RN S)
569 12 UNC, Kt
- + '
403 10.5 UNC, M, ‘
‘ +
336 28.4 (CeHo) ,N-N(CH),
? 230% - .

not actuallf‘the base peak but the largest metal-

_containing ion

58
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REACTIVITY OF

Th- AND U(NR,)), COMPLEXES

REACTIVITY TOWARD TWO EQUIVALENTé OF CYCLOPENTADIENE
One of the wmain reasons for preparing the various M(NRZ)A‘
complexes was their expected (or more‘honestly, their hoped for)
reactivity towatd two equivalents of cyclopentadiene to form the
corfesponding CpZH(NRz)2 compléxes. It was found_chag U(NEtz)4
and U[:N(C6H5)2]4 would indeed react in this way tojgi;e pure
szU(NEtZ)2 and szU[N(C6H5)£]4, while the same reaction with
U(NMQZ)Q and Th(NEtz)a did not give ;he pure bisamides.i On the
other hand neither of the diisopropylamido complexes would react with
:&yclopentadiene, presumébly as a 'resvult of the very sterically
ﬁ;rqwded environmegx.offzgé‘ﬁetals. The reactivity of the M(NRZ)A
compleges to;ardsktwb'eqhivalents of cyclopentadiene will be dis-

cussed fn more detail in the following chapter. A summary of these

reactions and their conditions is given in Table XII.

REACTIVITY TOWARD ALCOHOL | 3%
Gilman, et al. reported that U(NECZ)Q would react with four

equivalents of either an alcohol or a thiol to give the corresponding

~

" tetraalkoxide or tetrakisthiolate (équation'II—6).3 Since the

+ 4HX —— > UX, + 4HNEt - 1I-6

U(NEL,) 4 2

4 .
X = OR, SR
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" 4d %
TABLE XIT .- ‘e
REACTIQNS OF M(NR2)4 WITH
TWO EQUIVALENTS OF CYCLOPENfADIENE N
re :
- REACTION ' :
M(NR,), - TEMPERATURE SOLVENT PRODUCTS
R o ; -
‘“"ﬁg(nngz)A i a.t.® THF Cp,U(Ne,), + Cp,U(NMe,)
fh(NEtz)a a.t. pentane CpTh(NEt2)3 + CszTthEtz)z +
Cp4Th(NEt,) ,‘ |
U(NEtZ)4 0°c - pentane CpZU(NEtZ)2 ) ) -
Th[}l(i-—!’r)é]4 a.t, pentane no reaction Sl
' reflux pentane no reaction ‘
a.t. THf no reaction
U[?(i-?r)é]4 a.t. pentane no reactiqn
.o o reflux pentane no reaction
a.t, THF _ no reaction

2 ambient temperature

r
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diisopropylamido‘defivatives would not react with cyclopentadiene 1t
was decided to see if they would react wiﬁh‘the strquer acid, t-BuOH.
Indeed it was séen that there was an immediate re?ct;on whén a t-BuOH
solution was added to U[F(i—?r)é]4 in THF. Removal of the solvent
under vacuum gave a green solidvyhicﬂ wvas identified as U(t—BuO)4

by mass spectrometry (i.e. m/e 536§ .. This green solid is also easily
oxidized by 36211 amounts of air to give U(t- BuO) jusc as reported

by Gilman.3 The pentakisbutoxide was also fdentified by mass spectro~'

\

metry (m/e 603).

rs

REACTIVITY TOWARD CARBON DISULFIDE

Bagnall and Yanir have rc.ently reported- that the tetrakisamides
of thorium and.uﬁﬁqium will react with C02, COS, CS2 and CSe to y!‘ld
the correspondih;?;arbamate complexes.79 The reaction of U[N(i—Pr)z]a
with excess C52 w‘as found to also produée the cof§esponding thio-
carbamate, U[S CN(1i- Pr)2]4, identified by mass spectrometry (m/e 942).
The tetrakisdithiocarbamates of the actinides are weﬁ{%fﬁbwn and
all appear_to be eight—coordinate.gg‘loo Hence the preparation of
U[?2CN(1—Pr)2]; was of interest to see if the very bulky U:N(i—Pr)z‘“
would react with CSZ'" |

“The mass spectrum of U[SZ?N(i—Pr)2]4, however, didlnot show the
successive loss of three hydrogen molecules as seen in the parent
amide. Instead loss of a dithiocarbamaté ligand from the mqlecular
ion, producing U[EZCN(i-Pr)2]3+ (m/e 766), followed by the losses of

.a CS2 molecule are the two major decompoiii&on reactions.
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The infrared spectrum of U[?2CN(1'Pr)2]4 ;hows peaks at 1480 and
1041 cm-1 which are assignable to the v(C'=1N) and v(C = S), respec-
tively, of the dithiocarbamate ligand; In addition unassigﬁéd yet
characteristic peaks of dithiocarbamates were observed at 1262, 1197, .
and 1147 cm—1.99_101 One of the points of interest in the study of |
dithiocarbamate complexes is relating their infrared spectra to the
type of bonding in the complex. There are two ways in which a dithio-
carbamate ligand may be attached to a metal: as a bidentate ligand,

é, or as a S-bond monodentate ligand, é. It seems that the appearance

M7 =NR, M-5-C—NR,
3 /4-\., f§/ )

of only one v(C-N) band (circa 1490 cm_1 for dithiocarbam#te complexes

99,100 99,100

of the actinides) and one (C-S) band (1000 cm.1 region)

102

is indicative of only biflentate ligands, Q. Those complexes in

which 1t has been established by x-ray crystallography that there are -

both types of bonding (e.g. Ru(NO)(S,CNR,), 102104

105
3

Rh(PPhB)f

(SZCNMeZ) , and Sn(SZCNEt2)4106).seem to exhibit additional infrared

bands not found for complexes having only bidentate ligands. Of the
extré bands there is one around 1470 cm-1 assigned to \J(C—N)103’_105
and one around 1000 cm~1 which is assigned to v(C-S).107' The absence
of these extra bands in all the reported tetrakisdithiocarbamate
complexes of actinides’indicé;és that they are'éight—coordinate

complexes.77'99’loo
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CONCLUSTION

\

It has been shown that tetrakisamido derivatives of the actinides
can be prepared.and indeed some are true four-coordinate complexes.
The tetrakisamides are much more deiicate than their transition
metal countgrparts being sensitive to heat and light in addition
to air and moisture. The isolation of analytically pure saﬁples is
consequently extremeiy difficult. Nevertheless the complexes do
appear to be versatile starting materials for the synthesis of
otherwise inaccessible actinide derivatives both by acid displacement

2

and by insertion reactions. Indeed both' of these routes have only
been fpuched upon and 1t 1s expected that the demonstration of their
utility will only mark the beginning o% 1ntense research on..the

chemistry of the amido derivatives of the actinides.
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CHAPTER III - SYNTHESIS, CHARACTERIZATION, AND.PROPERTIES
~
OF CYCLOPENTADIENYL-AMIDO COMPLEXES OF

THORIUM AND URANIUM

o INTRODUCTION

As indicated in Chapter I of this thesis, the elusivenéss of

Cp2UC12 forced us to look for other suitable starting materials for
63 56, 64
the preparation of CpZU—derivatives. Bradley and Lappert _.

hdve smown the dialk R.derivatives of the transition metals to

be synthetically usef?. eagents. The amido complexes react with

a variety of protic ligands to form new transition metal complexes

by simple acid-base reactions. Of particular¢inte;est was the

report of Chandra and Lappert in which it was shown that the tetra-
kisamido detivatives of titanium, zirconium, and hafnium react .
with excess$’ cyclopentadiene to form the corresponding CpZM(‘JRZ)2

56 <

complexes (equation III-1). Since the complexes sgill conzain two

M(NRZ)4 + excess CpH’ > CpZM(NRZ)2 + 2HNR2 TII-1

Y

’

S

reactive metal-nitrogen bonds they will in turn react with other

@

ligands which have acidic hydrogens (equation III-2). It was hoped.
CpZM(NRz)z + 2H —m—m8———> Cp,yMX, + 2HNR2 111-2

that similar amides of thorium and uranium could be made and that

they would react like their transition metal analogs, chereby providing

..Fw' =

B3N

‘1h the absence of CpZUCI2 the next best starting material for the

64
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preparation of 6£her CpZU—derivatiyes. In Chapter II it was shown that
a variety of tetrakis amido derivatives of thorium and uranium can be
prepared and that, except for the very sterically crowded Th- and
U[@(i-Pr)é]a, they will react with cyclopentadiene (equation III-1)

to give the des?red CP2M(NR2)2 complexes. Tﬁ{; chapter describes the
full details of the synthesis and reports on the properties of thg

formed complexes.
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v

SYNTHESTIS AND CHARACTERIZATION

OF CpM(NR), COMPLEXES

N

BIS (n-CYCLOPENTADIENYL)BIS (DIETHYLAMIDO)URANIUM(IV)

It was hoped that essentially the same synthetic prochsreuas
used}#? preparg,the corresponding szM(NRZ)2 derivativés of the tran-
sitiggtmetals could be utilized for uranium, Howegé;;.asfmentioned
in Ch#pter IT, Gilman et al. could only isolate U(Rgtz)ahin less than
307 yield.3 Since 1t seemed that the low yield of UgNEtz)a was mainly
a result of the;mal decombosition, we decided to try to prepare
CpZU(NEté)2 by the i3_§1£5 preparation of U(NEt2)4 followe§ by its

reaction with two equivalents of cyclopentadiene (equations ITI-3 and

III-4). Work up of the reaction resultgd in the isolation of the

= U(NEtz)A + 111-~-3

UCla + 4LiNEt2 _
U(NEt2)4 + 2CpH ———————> CpZU(NEtz)2 + 2HNEt2 ITI-4
producf as golden leaves as described in Chapter VI, A‘1H—NMR

spectrum of the product (Figure 6) showed a singlet at 20.94 p.p.m.
’ \

upfiéld from internal benzene, ; singlet at\Tﬁl86 p.p.m., a wggk
triplet at 8.40 p.p.m., a mgch’étronge} triplet at_5.70 p.p.m., énd
a quartet at —1.5 p.p.m. (downfieldj.. The relative areas of Ehe |
singlet at highe:kfield, the stronger‘triplet and the quartet were
.foﬁn& to)be 5:6:4 (or 10:12:8) which is Qhat would be expected for
CpZU(NEtZ)ZE The ;elétivg area of the-two qther peaks was found to
bé 5:2 (or 15;6)§1ndiqgting t§at these were probably due tc Cp3U(NEt2)2; .

~x N “

el
A

-5,
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N HOuever the expected quartetﬁof the eth 1 group was not: observed fn .
. l N .
Yo

"~thia spectrum. If this assignmeﬁt was cbrrect then the. solid con- ~‘

| tained 762 CpZU(NEt ) and 21:? Cp3U(NEtz) | A masa spectrum of t,h(e %‘

. prodnct sh?d the -presence of CPZU(NEt )2 (m/e 512) and §R3U(NEt ). .
The 1H NMR pectrum of a genuihe sampie of Cp3U(NEt2)(prepared by the ,

i.reaction of Cp3UCI "and LiNEt ) confirmed that the two extra peaks |
seen in the ‘spectrum of CpZU(NEt ) wvere indeed due to Cp3U(NEt‘)

The preparation and apectral propertiea of Cp3 (NEt ) will.be dis--
) ' g

cgssed later

S '( :

tions pure Cp2U(NEt2)i could

L —b'
AI- r several fractional crysta

#, v be isolated buf significant amount 'NFt )2 vere loat T %fVer-

.
the 1&5 ﬂ:he im tant point wag’ estlablished C&(Nﬁtz)z couI} bﬁ :

.-prepaged and isolated aa a pure solid The formation of. a mixcure of J%

»

‘ Cp3U(NEt ) andonzU(NEt ) in the original product seemed to indicgte :
- - I )
that ‘the in situ generation of U(NEt2)4 did ‘not proceed quantitativelﬂh‘*§

.08 .- e R :.' N

M and1 as a result, the added amount of cyclopentadiene was more thani??

ety

«
v e

® )
the amount needed for the intended 2:1 stoichiometry The excess ' )
- - & h' .

cyclopentadiene in turn reacted uith szU(NEtz)2 to give Cp3U(NEt )

.(equation III-5). ‘The verification of this hypothesib is simple

‘ : -
. . . s
N -

-,
SN -

"‘CPZV(NEtZZZ + CpH ~——-———~f—*:> Cp3QXNEt2) + H§Et2 . III—S .
s :‘ nd « ’

" since the original 1H@NMR spectrum can serve as a guide forsthe deter-

mination of the actuaiﬁaﬂount'of U(NE’tz)4 generated. Having do;e this
it vas‘concluded that the yield of U(NEté}4 was nb nore than:762.:°k
'The.reactionbwas.repeat;d, b9£_this«time¢tne added amount of ..,.
cyclopentadiene‘was.baséd on‘the above "observedﬁ:yield of U(NEté)a,

* °
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szU(NEt2)2 was - obtaiﬂed after the first crystallization. The

* TRz
procedure, -however, was somewhat unsatisfactory since the yield of -

- v,

the intermediate tetnakisamide was low (Table XIII)

A.very brief note by Watt and Gadd on both Th— and U(NEt?_)
N “\” .
_ appeared about this time in which they observed that the uranium
. Ty .. “""“, B ; )

4 hmide was light “sengitive at 25 C.78 Thegir report at least offered

t' . *‘/‘)
ﬁsgvexplanatiop for ‘the low yield of U(NEtz)4 and, in the dbsence of
A ~ \}
g Qny "ng. het‘t‘é‘r their* cl’ﬁim was easily v‘ified. Essentially the :
. ‘@‘-n "-"r “.,“‘5\- .
satie reacti,gng%icﬂ ﬁave 244 of Cp3U(NEt ) was repeat‘ed with steps e
. .
‘izl taken to éxglude 1ight from the reaction s@lution Much ‘to our R
- \“
R‘% surprise aﬂg jp;;ghe yield of szU(NEtz)2 was encellent (88&) qu ne ; o f

1
“Cp3U(NEt ) wasﬁq!en in. the "H-NMR spectrum! It therefore became SRR
» 'Q‘ P, ""» n X
;arqbvious that U(NEt ) was- indeed‘iight sensitive and that its rate -w'\\
b . .

"‘_ b ’ “'.~._ P L_g ‘_ !’ .
photod!compositign was significant at ambient temperature. B

4

¢

>

Ouf pfﬁmary objecfive had thus been achdeved and at lehst for one

i

o Cp 2U derivatf?& no . f‘dications of disproportionafion Eas observed' ‘“‘

The isolation. of thﬁipnre\product also provided the 1mpetus for a, -
f

“l.attedzting g?e ‘ynthesis of other Cp2U derivatives.' The*Teactivity -

Y of CPZU(NEg;)z and‘its utility as a atarting material for the | T
preparation of other psz—derivativeB Yil} be diafussed dd the next .
éhapter.5’ 'k‘ : o ‘ _ ? L e "

In sub!.quent prepa@ation of szU(NEtZ)2 the purity of the sample

B was mdhitored by 1H—NMR spectra. Since ‘the cyclopentadienyl reso—;

58

nances in Cp'ZU(NEtZ)2 and Cp3U(NEt ) are reasonably well separated

'.. (20.9 versus 18.9 p.p.m.) and since both compounds are soluble in

s ’ < . #

- , , R 2

o
e
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benzene, an integrated 1H-NMR spe'%rum gave a good estimate of the
purity of the sample. ’ -

' PROPERTIES OF Cp,U(NE,) . .

li ! ' . ';’Ll ' i .

' Cp2U(NEt2)' instantly decomposed upon contact with -air. 1In
i

addition it v¢ y,é1ow1y decomponeéfgver a perioa of several monthé

) : . .
as a solid ever] though it is stored under nitrogen in a refrigerator.

* The small amount of decomposition mate¥ial may be removed by dissolu—ﬁfff

- - tipn in gentane| followed by elther filtratfon and solvéﬁt;"‘reﬁ}s{}a in
L @ ins y in

(\

) | 'CbZU(NEté)z.ié very soluble in benzepe, toluene, and THF, is

?*zﬁﬁfﬂv“4

B

: vacuo or crysta lization from the pentane. solution (Qhapter VI) In

e
ﬁ)&'ﬂ:&ve the solvent from t’he u

1ize from this solutiou but H NMR

»

“" may not be: as‘&‘tuitively s

. :
‘“;. fil?rate.aS'ic would Pe to »

spectralféyealedg igtually'no iﬁburiti@s present after this extraction-

‘e -

, s
was performed.

u

r2

soluble Ju pentane and hexénes, and "is degbmposed by acetone, in
~ ! "

A\
-» /ﬁ ’ v 3 .
OTHER Cp M(NR DERIVATIVFS

2)2 T, .,
Ip order "to test the general applici'flity of our method for .

the preparation of Cp2U(NEt2)2, the fqllowing,amides were alsb
_reacted with two equivalents of Eyclqpentadiepe as per equation = « )
I11-4: ?h(HEtz)a, U[N(c()us)zja, U(\Me,), , Th[N(i-Pr)z'_]l’,‘ and

U[N(i—Pr-)z] 4



Teé}nkis(diethylamido)thorium(IV) -.'_ o ,#?» Sl B

The reaction of Th(‘g ) with tw&fedthalents of é’clopents- - ‘v
diene did not produce pure szTh(NEt ) A 1H—NMR spectrum of the
- product showegl‘ mainly CpZTh(NEtz)z“(i‘ . singlet at 1.02 p.p.m.
&elative to inte;nal C6H6), Z‘triplet &% 6 17 p p.m. and a quartqg
# at Z 12 p.p.m.) and small singletg‘atég 88 P.p.m. and 0. 95 P.p.m. & e

;»‘;ssigned to Cp3Th(NEt ? and EpTh(NEt )3, respgctively Attempted

W

extraction with pentane or fractiOnal crystallizétion frdg THF o
did not ‘produce pure szTh(NEtz)z. Ihdeed it wasg observed the
pin the aboVe processes the  relative amount of . Cp3Th(NEt ) anl A
*~‘CpTh(NFt 41y as determined by 1H Nézn was increasing with time o -
nce the above’behavior indicates disproportionation of the formal
Th(NEtz)z, further work with this system. was not carried out.

“

'Tetrakis(diphenylamido)uranium(IV)

R AN ~
‘Cp2U[§QC6H5)£] was prepared in near quantititive yields %ccordv' “

P “’"‘4 ,51
ing to equation JIII-4. The dark qed compound like itslprecursor
b

U[h(c H, )é]a, is extremely air- sensitive, decomposing instantly

»
\

upon contact with air. Attempts were made: to ~grow, single cr?stals o
. \5 \
of this qupouzd but .even though evegxy poafible safeguard, w?s ,

employed the drystallizing solution decomposed after the. firft.b tch
(

\, -
of micro(rystalline material‘uas collected Hence even minute

L
»

ﬁi"h traces of air cause decomposition. This behavior is the same as
N that of U[ﬁ(c )é]k whose preparation and properties were described T

in Chapter II. While air- and moisture sensitivity are'characteristic

kS

features of metal-amide chemistry, the diphenylamidovderivatives,of R
. C ot - . s : , 87
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The greater'susceptibility of the uranium-nitrogen bond to attack

"

is withotit doubt. due to the greater polarity of that bbnd in~the
d%phenylgmide than in the dialkylamide derivatives

The higumreactivity of CpZUEN( )2]2 coupled with the fact

that diphenylamine is a solid made either elemental or amine analysis‘

xa ®
very wdifficult Hence 111 NMR and mass spectra were used to verif?

o 4 :
purity.. Invcontrést to the easy"Emoval of diethylamine from reac-

o

!ion qolutions,”it is much more difficult to free a reaction product

0of dipbenylamiae It was necessary to wash the sticky, crude

4;_& .
szu[ﬁ(csﬂs ilﬁ with seVEral portions of pentane before. complete .

a

removal of diphenylamine was aCComplished

9
v C U[N(C )é]z is soluble in benzene, toluene and THF but ig

insoluble in pentape or hexanes and, in general is much less soluble 2

<

ind gly n' solvent thm U[N(C6 2]4. The compound 1s instantly

-
4 v

decomposed by acetone. 4 .

Tetrakie(dimethzlamido)uranium(IV)

In contraét to the previous two.szU(NRz)2 derivdtiyes, the
' . A

»
reaction of U(NMe ) with tub eq iv eni; of cyclopentadiene >

L =

(equation I11- A)Aalways gave a mixture of. szU(NMez)2 and Cp3U(NMe ).

An 1H—NMR spectrum of e reactinp product sﬁbwed singlets at about
-7.5 p.p.m., -3.8 p.p.m., 18.3 p.p.m., and 18.9 p.p.m relative to
. S

internal benzene. The ginglets at -7.5 and 18.9 p.p.m integrated

in a 6:10 ratio (i.e. CpZU(NMeZ)Z)while the singlets at -3.8 and
Ay ’ N

IB.ﬁ‘p{p.m. gave.a 6:1§”ratio (1.e. Cp3U(NEt2)); A mass spectrum

N
{
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of the reaction prpduct verified the presence of CpZU(NMez) (m/e
4§ﬁaband Cp3U(NMe2) (m/e) 477).

The formation of Can(NMe ) can be envisioned in either of two
ways: 1) Cp2U(NMe2)2 18 formed but because of the presence of the

smaller dimethylamido 1igand undergq&s disproportionation after

l
somé type of molecular association (equacions III 6 and I1I-7); or

i —

- 2Cp,U(\Me,), —_— CpU(NMe2)3 + CpjUgNve,) I1I-6

»
3Cp2U(NMe2)2 ‘ e .ych3u(mqe ) + U(\IMe%z) PR E2S Y

",
) A

”

2)- U(NMez)a is somewhat”ﬁ%soééated evefi in THF 80 thatxthe f%acg}on
" e, ' y ‘:‘J
with cyclopentadiene is slowg qhe various Cp U(N‘iez)l‘;x species formqﬂ

_ &
+° 1n the reaction in turn react faeter with cyclopentadiene than any

-

unreacted U(NMe “Both of these routes would explain a mitture

2)42
CpZU(NMez)zfand Cp3U(NMe2) but do not account for the apparent absence

2)4 2)3. In ordersto better understarld what .
was happening a sample of the mixture was- dissolved in THF and warmed

[ 2‘%?:(

overnight at about 40-50°C. An aliguoc‘of'the solution wasgremoved,

of either U(NMe or CpU(NMe

e . ! #
;xaken to dryness undeg/kacuumi\then benzene was addeﬂxto the Jblid
‘ XY i?

The 1H -NMR spe trm of tth solutinn showed oq}y sgnglets at -3.8 and

L]

g
18.3 %p .m. aséignedio‘CPBU(NMe ).

! Hence~i‘y§eems that the smalf%r dimethylamido ligand will ailow
V ~
molecular associations with resu;ting disproportionation. The absence

’
-

of otWEr peaks in the 1H-—NMR spectrum speaks for the disproportiona-

tion path depicted by equation III-7 since it is known that U(NMe2)4,

a
»

Ty
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the other disproportionation product, is quite insoluble in benzene

and gives a rather featureless 1H-NMR specFI%_ii; this eolvent. e
e N '
C o« \"etrakis(diisopropylamido)thorium(IV) and ,“’ i (IV)
- N ’:;f 3
The preparatfons of szu[ﬁ(i Pr)2]2 and p2Th[N(1 Pr) ] were
A4

attempted but the mixing of" iﬁg}opentadiene (equation III 4) with

-
the corresponding amide produced no reaction in pentane. Neither

did the reaction proceed in refluxing pentane or in THF at ambient

tempér%ture. This lack of reactivity 1is attributed to the low acidity

of cyclopentadiene and to the sterically crowded nature of
. N

M[N(i—Pr)2]4. (Chapte; I1.) -y R
. s '*".‘ . ! ) .

® o R
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SYNTHESIS AND CHARACTERIZATION e

1

OF Cp.U(NR,) COMPLEXES o :

AR
8l
7t

R'-CZH5 ”
In the earliest stages of the development of the synthESié of

Cp2U(NEt2)2 it becemeuappareqt by 1éeNMR that the previopslz‘unre—

ported Cp3U(NEt2) was also being produced. To be completely sure

. L)
that the extra peaks seen in the 1H-NMR spectra of Cp2U(NEt2)2 (1.e
Tl '

: 4mgf

gIL 4

a einglet'at about 18.9 p.p.m. and a weak triplet at about 6.4 p.p.m.;

g
the expected quartet was not seen) were indeed due to Cp3U(NEt2)

R thmpound"was prepared by a different route (equetion III- 8).
T . o

- AV

® . Cp,UCl.+ LINEt

v % 1.',“
4 9 —_—— CpyU(NEt,) + LiCL . L H11-8

L - . “' . ‘}.‘_O_
1. . ' e
The “H-NMR spectrum ofvthe product showed a singlet at 18.§%’$.p.m“,

a triplet at 8.40 p.p.m., and a quartet at 6.40 p. p.m. in a 15 6:4

vﬂ?ﬁﬂtio thus confirming the earlier assignments.

Y /

v ,qalngpddigion to ghe reaction given Qbove, Cp3U(NEt2) may be pre-

-~

pared by eithgr of the reactions given in equations III-~ i’and III-9.

B L 'Q ‘*" ©
. » v,
. . ‘\ﬂ
U(NEL,)} +¥3cpH ———-——-——-—?“ Cp3U(\1Ft ) + 3HNE1:°2 = qu-s
o Pt .
r

1 . - . .

a4 l

Of the three routes the one given in equation III -8 is the most

e

convenient since Cp3UCl is easili’made and the atigchiométry oi\the
reaction 1is ais0 more conveniently controlled since both reactants

gre ‘solids. .. : ' oy, -



R-CH3

: Cp3U(NMe2) was not prepared independently as was Cp3U(NMe2).

The 1H—NMR speéfrum of the reaction product of U(NMe )4

pentdiene showed unambiguously that Cp3U(NMe2) was pre

THF. " .

BN
o .

s

(]

2 i
s ‘f

¥

d cyclo-

and that

it could be prepared pure &imply by wax:iné the reactiﬁggmixcure in

Ui



SPECTROSCOPIC STUDIES ..

MASS SPECTRA

The mass spectra of szU(NR ) (R = :\C6H5), c%th(NEtQQQ

“a}

Hf(NEt ) 2 and Gp3U(NEt ) have been recorded. Tables XIV through

XXI summarize the mags spectral data obtained for szM(VEt )2 (M = !
w LA ,-.
Hf Th U) and Cp3U(NEt ) while Figure 7 tives the general decompbs!ﬂ ;

w

3

. -
kS . ‘u . R

9"

T@g expected molecular ion for CpZU(NEtZ)2 (m/e 512) was aeen in @gﬁ

tion scheme for,the Cp (NEtz)é c0mplexes

4 relatively high abundance (40%) - (Table XIV) ¥4 The calculated and o

a1

, obser@@d abundances for the presummed CpZU(NEtz)2 1on (C 30 9 ll .-

seen 1in TablgﬁXI agree quite well indicating ﬁbat ‘the pea&jat m/e
o T

512 was indeed due to the‘bisramide. _To removo'all doubts.about the

composition of this ion,'a high resolution mass spectral study was

Fl

undertaken QTable xvx) ’I‘he calculated massifor C , 512.2918,
18"30%2Y; "

4 ¢ »

and the observed mass, 512. 2891, are- in excellent agreementrf

. The base peak of the low resolutioufmass speftrum ‘of Cpi4\ e -,
o‘ . A X

was found to be. at\m/e 438 This peak was at é!?st puzzliﬁg since."‘ by
,
it corresponded to the sts of a, fragment %erresponding to HZNEL

(an unlikely ‘molecule) from.the molecular ion. * No’ metastable peakﬂ
i . . . A .

o, . . T

correSponding to such a 1osa could be found,:éven though the high
resolution data (Table XVI) did show that the formudggion (M— H NEté”),

or more simply C14H18N1U1 was indeed correct. Howevev the caICulated
»‘,

and observed abundances for the m/q 438 peak did not match (Table XvV).

The. lagger abuqdances of the (M+1). and (+2) peaks for m/e 438 .

»
- . . -

B 20 - o [
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TABLE XIV :
S E, & -
SUMMARY OF THE LOW RESOLUTION
) MASS SPECTRUM OF szU(NEtz)é
, RELATIVE = - . .
MASS ABUNDANCE - PROPOSED ASSPGNMENT, & .
(mfe). T (% . " T
o , ‘ — ;
) 512 ) 40.4 - ‘szﬂ(NEtz)z‘. L : .
. 3 ) . [~
440 - 11.42 tp. U(NEL )+ ‘ a vf
\ o . 2
_oae39 T 2007 Cp u[(reIN=C(HyMe]”
‘ SR .. ‘.‘0-. . . - 'b'u +
438 100 " _szu{;gxc)x CHY=CIL]"
436 0.1 szq[pnzfc(H)«N-C(ﬁ)-cuéj |
383 9.9 . Cp,iMe’ R L
368 o @ 76.6 ,'CpZU+ o
$318 ) 7.2 CpUMe '
. . 'v : o v . N
903 - 18.6 Ceput o ® v
-2 7.2° NEe,
¢ i . : ) + .
N €0 46 o (BONSC(H)Me' r
»t »oo ! '
L 65 9.3 7 cep ot . e
57 '18.2°  CHJ=NEE' : -
- a 13 ' .. ‘ ’ - g
: “C. contribution. from m/e 439 included -
. §\>l?p contribution frow m/e 438 included
¢ 130 contribution from m/e 71 included
B K

80
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TABLE XV )

A}

CALCULATED® VERSUS OBSERVED RELATIVE ABUXDANCES OF

SOME PEAKS IN THE .LOW RESOLUTION MASS SPECTRUM OF CPZU(NEtZ)Z

NOMINAL CALCULATED OBSERVED PEAK ASSUMED

MASS ABUNDANCE ABUNDANCE ' FORMULATION
(m/e) (%) . )

. ‘ \\\ :
514 1.8 3.5 512 C1gl3oN,0,
513 21.4. 21.0
/512 100 100
I
440 0.9 12.5 438 PR
439 16.4 20.8
438. 100 100

a Computer program WAGG:ISOC, which was written by Drs. R.S. Gray

and E.G. Brooks and was kindly supplied by Professor W.A.G. Graham.



TABLE XVI

HIGH RESOLUTION MASS SPECTRUM

OF Cp,U(NEt,),

NOMINAL
MASS ASSUMED MASS ERROR
(m/e) FORMULA : (m/e) (p.p.m.)
'Calculated Observed
512 CléHBONZUI 512.2918 512.2891 5.2
438 C14H18N1U1 438.1947 438.1924 5.2

o~

\\/

82
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Indicated that there must be other contrihutors to m/e 439 and 440

bestides (M "H NEt- )

2

A priort (t would be expected that losses of NEt2 and HNEt2 would
be observed since such losses have been observed in tﬁe mass spectra
of "the tetrakisamides of Nb.go Cr,91 And Mo.70 The apparent loqqﬁ%f
HZNEt2 can be visualized ei;her by'succéssive 1ossés of NEtz ahd H2
or by successive losses of HNEt2 and 1/2 Hz. Loaées of each of these
four species have been previously observed in amide com-
plexes.65‘7o'90’9l. That the base peak ({.e. m/e 438) 1s actually
generated by each of these two processes (Figure 6) can be seen from
tﬁe data 1q‘Table XVII.

The metastable peak observed at,m/e 436 1is 1ndicatiye of the léss
of a i, moleculg from the m/e 440 ion, (M—NEt2)+, since character-
istically the loss of a "2 molecgle from an ion whose mass is at least
m/e 50 should-result in a metastable peak four mass units lower than
the mass of that ifon. A relatively strong metastable peak at m/e
376.5 cortesponds fo the loss of HNEtz from the molecular ion
Unfortunately the identification of metastable peaks correSponding
to/the loss of Nrt2 from the moleculat ion and 1/2 H2 from the

1M~HNEt + is less certain. The appearance of a shoulder. on the

)
high-mass side of the m/e 376.5 metastable peak at about m/e 378
could correspond to the former loss since the mjfastable ion 1is
calculated to appear at m/e 378.1. A weak broadening of the base
of the peak at m/e 437 can be taken as evidence for the loss of

1/2 Hz.(as the metastable is calculated to appear at m/e 437.0).

e
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.
Even though all the metastable peaks are not clearly obnerved, the
total picture is taken as good evidence for the proposed routes of
generation of the base peak. .

After the formation of the base peak the only other siﬁnificant
peaks ;re at m/e 368 and ﬁ/e 303. _These peaks correspond to Cp2U+
and CpU+, respectively.

After noting the interesting decomposition scheme of CpZU(NEtz)z,
we wondered whether the decomposition scheme would be a general one
for other CpZM(NEtZ)2 complexes. The inability to 1solate pure

‘szTh(NEtz)z at first seemed to exclude its use to investigate the
generality of the decomposition scheme, but a mass spectrum of the
Cp ih(NE; ) (x = 1,2,3) mixture obtained (which was mainly

Th(Nth)z) put those fears to rest. The data given in Tables
- XVIII and XIX show the same qual{tative results as tgose of the
utanium complex. ‘The only reported tranéition metal analogs of
CpZU(NEtz)2 are CpZZr— and CpZHf(NEtz)2 on which no spectroscopic ,
data has yet been reportéd. Hence a mass Spectrum‘§f szHf(NEtz)2
was recorded to see if the decomposition scheme which held for both
szTh— and Cp2U(NEt2)2 would also hold for a transition metal analog.
Even though hafnium has 'several naturally occurring isotopes and the
decomposition schemes given in Figure 6 cannot be verified due to
the very broad nature of the anticipated metastable peaks, the mass
spectrum of CpZHf(NEtZ)2 gTables XIX and XX) seems ;o indicate that

the decomposition scheme given in Figure 6 is indeed a general one

for Cp2M(NEt2)2 compléiep.
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TABLE XVIII
COMPARISON OF SOME METASTABLE PEAKS IN THE LOW RESOLUTION
f J O 3
MASS SPECTRA OF Cp2U(NEt2)2 AND szTh(l\Etz)2 (Q(;‘
PROCESS o METASTABLE PEAKS " METASTABLE, PEAKS
NUMBER 2 () —~ (Th)
I
Calculated Observed alculated Observed
1 ) 378.1 ¢ 378 (1) ///ﬁ/ 3R.2 . 372 ()
2 436.0 . .436 X '430.0 430
3 376.4 376.5 370.5 370.5
4 437.0 437 (?) 431.0 431 (1)

a process numbers given in Table XVII



TABLFE XIX

COMPARISON OF PARTS OF THE MASS SPECTRA OF CpZHet(NEtz)2 COMPLEXES

' + + J + + " ‘” +
Met szﬁgt(NEtz) fM (M—NEtz) (H-HNEtZ) (M- HZNEtZ )
HED 12.9° 19.0 51.6 100
h® 14.9 S 11.2 43.3 100
U - 40.4 11.4 . 20,7 100
a daia based on 180Hf

relative abundance (%)

¢ from the mass spectrum of Cprh(NECZ)a-x mixture (x=1;2,3);

(M—',’HZNEtZ")+ was the most abundant metal-containing ion in that °*

spectrum
\ .
* ok k' ok k k K Ak ok ok okix k&
. ] d a3 b ’ s
b R - .b
+ %
mte 1L > e-nee)” 2
: S -H
, — “ 2
b b ’S( 5
3 A+ ,
> (M-HNEt.D b~ M Nper t
, 2 -§H2 2 2
+ o+
{ - -
szr.er:(m:tz)2 »M , .

refers to process‘numbqré giveff in Table XVII

.

Figure 7. General decompqsition'scheme for szﬁet(NEtz)z‘

I
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The mass, spectrum of CéZU[N(CGHS)i]b cﬁnaists of basically three
peaks: m/e 704 (CPZU[N(C6H5)2]2+)’ 536 (cpzu[u(c6us)2]+), and 368
(Cp2U+). The peak at m/e 536 is by far the largest metal-containing
ion. Since the peé& az;?/e 168 (N(C6H5)2+) goes off-scale the
relative abundances cannot be given. However if the main metal-
containing ion at m/e 536 1s taken as 100%, then the peaks at m/e
704 and 368 have abundaans of 8.0% and 24.8%, respectivel;.

The diffgrence in fragmentation'patterns seen between the
CpZU(NEtZ)2 and CpéU[N(C6ﬁ5)2]é complexes be taken as indirect
evidence that the decomposition of szU(NEtz)2 (}able XIV) occurs
mainly within the NEt2 framework. However it must be noted that
the abstraction of.progﬁhé from the cyclopentadienyl ligand has
previously been observed by Marks, et al. in their thermolysis”
sgudieé on Cp3U(alkyl).7 .

The mass sgpectrum of Cp3U(NEt2) is summarized in Table XXI. This
spectrun is indeed quite.simple. In contrast to the mass spectra of
Cp3UX (X.- halide) where ions of the type Cp:"’UX+ (y = 3,2,1,0) aré
seen, no such ions were seen for Cp3U(NE;2). This is most likely
the result of steric iﬁteractions between the NEt2 anq the Cp ligands,
of éﬁe Cp3U moiety. Similar steric interactions have been found to
be of-importance in Cp3U(alky1) complexes. Indeed in their thermolysis

studies of Cp3U(a1ky1) complexes, Marks, et al. have shown that the

lifetimes of these complexes are drastically reduced with increased
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TABLE XX
UMMARY OF THE MASS SPECTRUM

OF Cp,Hf (NFt,),

*a RELATIVE
MASS ABUNDANCE PROPOSED ASSIGNMENT
(m/e) (%) ' '
+ _+
454 12.9 Cp, if (NEt,) , "=
382. 19.0 Cp,HE(NEE )
+
381 51.6 Cp, HE[(Et)N=C (H)Me]
' +
380 + 100 sznf[(sa)N—c(H)-cnzjl
325 O 13.9 Cp, ifte”
310 32.2 szuf+
245 3.5 cpue’
72 5.2 'NEt2+ v
66 8.1 cpit ‘Q\
65 5.2 . cp
A +
58 11.3 ' CH2=N(H)Et
based on lson

89
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TABLE XX1

SUMMARY OF THE MASS SPECTRUM OF Cp3U(NEt2)2

RELATIVE
MASS ABUNDANCE
(m/e) (%) ‘ ASSIGNMENT
505 25.3 Cp,U(NEE )"
433 100 Cp3u+
368 72.1 cp,u”
303 9.1 cpu”t
66 3.2 cpnt
65 1.8 cpt
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INFRARED SPECTRA

The infrared spectra of Cp2Hf~ and szU(NEtz)2 wvere recorded with
fluorolube mulls in the 3200-1350 cm.1 reglon and with a hexanes solu-
tion in the 1600-400 cm?L‘ glon. The spectra are reproduced 1in
Figure 8 while Table XXII/summarizes the spect?a.

The spectra of both mpounds exhibit med{ium intensity bands in
the 570-560 and the 494 cm_1 region. This pair of bapds in each
complex is assigned to metal-nitrogen stretches, v(M-N). Fach
szM(NEtz)2 molecule would be expected to have a local C2v symmetry.
As a result two metal-nitrogen‘stretches (Al and Bl) are predicted
from simple group theoretical considerations. The high frequency -
band of each pair is assigned to the Al mode (1;e. a symmetric
stretch) while the low frequency band 1is assigned to the B1
(asymmetric stretch) mode. The high frequency band is in éood N
agreement with previously reported bands for v(M-N) 16 tetrakisdiethyl-
amido complexes of Th (540—549>cm—1) and U (555-560 cm_l) as dis-
cussed in Chapter II. The assignment of the lower ffequency band to

an asymmetric v(M-N) 1is more tentative although Bradley and Gitlitz
report a weak band at 495 cm"1 in the infrared spectrum of EtN -

Ta(NEt2)3 which they assign to an asymmetric v(N-N).67 Furthermore

~
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TABLE XXII

- . a . .
INFRARED SPECTRA OF szﬂf(NEtz)z, szp(NEtz)z, and CpJU(NEtz)

szﬂf(NEtz)zb szU(NEtz)zb Cp3U{NEt2)C . ASSIGNMENTS .
3090w 3090w ' 3085w v(C-H)
2960s 12970s 2970s v(C-R)
2930s . '2935s ' 2935s v(C-H)
2860m | 2865m 2865m v(C-H)
1450sh . - 1465sh
14416 | 1439m 1445m w(C-C) of Cp
1375sh j 1370m 1385w
1357sh . 1356w
1315m 1324w
1306w 1313sh
1274w
1258s 1269m 1264w
1178m 1177s 1169sh
1135m . 1145s 1149sh | asymv(NC,) %
1136sh 1115br Y
1091s 1095m
1072w o
104 3m
16235 1012s 1014s 6§ (C-H) of Cp
1008s 994s [ symv(NCz)
892sh 892w

853s 852s
' (Table continued)
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Table XXII continued

szﬂf(NEtz)zb C§2U(NEt2)2b ) Cp3U(NEt2)2c ASSIGNMENTS
848w |
801s ‘ 808s ’ Y(C-H) of Cp
777m , 768vs 777vs
759sh | |
714w 718w . .7253
704: h 696sh | I
666w 667w
" 617w | 620w 627s
603w 600w  602m
529m  561m - V(U-N), A
497m 4 4& V(U-N), B,
‘' 398m 420brd ‘

a given in cm-1
b fluorolube mull from 4000 to 1350 cm_l; hexanes solution

c S
mulls

d
broad
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our observations of a gecond band at 499 and 496 cm—1 in Th~ and
U(NEtz)a' respectively, (Chapter II) tend to support the above con-
clusion. > -

The assignment of other prominent bands in the infrared spectrum’
1s not as straightforward as that of the v(M-N)'s since bands whiéh
are characteristic of both th; Cp and NEt2 ligands ‘are expected
around the 1000 and 800 cm_l regions. A pair of strong baﬁgs is seen
at 1023 and 1002 cm-1 for CpZHf(NEtz)2 and at 1012 and 9914.cm—1 for

CpZU(NEt There are two possibie assignments for each pair of

2)2'
bands: the symmetric stretch of the nitrogen-carbon framework of
the amide, ymv(NCz),72 can be assigned to the higher frequency peak

and lower frequency peak can be assigned to the in-plane carbon-

hydrogén deformation of the Cp ligand, 6(C-H);92 or vice-versa,

To date the infrared spectra of all reported organouranium

complexes which contain the Cp ligand show an absdrption at 101242

cm © assignable to 6(C-H).4’8’9_2-95 The availaﬂle infrared data on
cyciopentadienyl derivatives of Hf is limited mainly to that of
Cp HfX (X = F, C1, Br,.I). 96 Druce, et al. have found that peaks

2 Q<
which are assignable to 8(C-H) fall in the 1021+2 cm -1 range.96

Hence Jt would appegt that the 1012 cm -1 peak in CpZU(NEtz)2 and the
1023 nm_l peak in CpZHf(NEtZ)2 are best assigned to the §(C-H) -
ligand which would in turn assign the lower frequency peak of the
pair in question to symv(NC ) of the NEt liga;d This assignment
is further supported by the reported assignment of symv(NC ) to

peaks at 1002 cm -1 in the infrared of Hf(NEt2)4, 995 cm 1 79 and

95



96

993 ¢:m“1 (Chapter II) for Th(NEtz)a, and 990 cm-1 & and 99d cm_1
(Chapter 1I) for‘U(NEtz)a.

Cyclopentadienyl consaining complexes characteristically exhibit
a band around 800 cm_1 which has been assigned to an out-of-plane

92

carbon-hydrogen deformation mode, Y(C-H). This band also gives an

indication of the amount of covalency or‘ionicitybin the metal-Cp
bond.92 Shifts of the band to lower frequency (about 750 cm-l is
reported to be the lower limit) indicate more ionic character. A
first glance at the infrared spectrum of sz'U(NEtz)2 would cause
one to conc;ude;that the metal-Cp bond is essentially ionic since the

768 crnn1 band is in the region where ionic cyclopentadienyls absorb

(cf. the Y(C—H) of the essentially ionic_cyclopentadienyl-lanthanides
in the 770-780 c:m-1 region97). However Bradley and Gitlitz report
that there is a strong, but unassigned, band in this region for the
M(NEtz).“ complexes of Ti, Zr, Hf, V, Nb, and Th. 2 Indeed the
infrared spectra of Th- énd U(NEC2)4 reported in Chapter IV bear
this out. This band is féund at 768 cm-l in Cp2U(NEt2)2 and at

777 crr—i—'l'in szﬂf(NEtz)z ahq Cp,U(NEt,) (Table XXII). Both |
Cézﬂf(NEtz)z.and Cp3U(NEt2) have peaks assignable to y(C-H) at 801
and 808 cm-l, respectively The absence of this peak in Cp2U(NEt2)2
indicates that the unassigned NEt2 peak and the G(C H) peak of the
Cp must be close enough to form an asymmetric peak. The asymmetry

- of the 768 cm-1 peak around 790-780 c:m—1 could be taken as an .
estimate of the position qf the band assignable to Y(C-H). The -

same band is found at 784 em1 1n:Cp3UC14, 788 cm 1 in Cp3U(C6H5)&’



792 cm—1 in‘CpSU(C2C6H5)8, 799 cm—1 in,Cp3U(alky1)9, and at 589 cm—1
in Cpl.U.95

Fritz reports that the indication of an ionic Cp by a low §(C-H)
frequency is accompanied by a higher shift in the symmetric carbon-
carbon‘sttetch, w(C-C), to about 1&45 cm_l while the peak around 1100
cm-l, which 18 due to an in-plane carbon-hydrogen deformation of the
Cp ligand, G(C—ﬁ), vénishes.92 The spectrum of CpZU(NEtz)2 has peaks
at 1439 and 1095 cm_1 which are probably due to the Cp ligand. The

w(C-C) band is reported to be at 1435 cm"1 in Cp3U(alky1)9, 1440 cm—1

8 -1 -1 95
in Cp3U(C6HS) » 1443 em = 4n Cp3U(C2 6 5) , and 1449 cm ~ 1in Cp,U.
Hence 1t would appear that the U—Cp bonding is about the same in

CpZU(ﬁEBiéz as in other organocactinide complexes and has some amount

'

of ionic nature.
The asymmetric stretch éf the nitrogen-carbon framework, asym-
v(NCz), has been assigned to peakd at 1158 cm—l for Hf(NEt2)4,72

1160,7% 1150,7% and 1148 el (Chapter II) for Th(NEt,),, and at

114579 and 1146 cm_l (Chapter 1I) for U(NEtz)a. By analogy this
mode 1s assigned to bands at 1135 and 1145)cmm1 for Cp2Hf— and
CpZU(NEtZ)Z, respectively. |

The infrared specfrum of Cp3U(NEt2) ié‘gummarized in Table XXII;
The appearance éf only oné peak in the 1000 cm-l region (i.e. 1014
cm—l) is necessarily explained by coincidental overdap of the
symvv(NCZ) band‘of the NEt2 ligand and the 6(C-H) band of the Cp
ligand. As already mentioned the y(C-H) band of the Cp ligand

(808 cm ) is-well-separated from the unassigned NEt2 band at

97
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177 cm-l. The higher frequency of\the Y(C-H) band in Cp3U(NBt2)'as
compared to the estimated 790-780 Qh‘l in CpZU(NEtz)2 would tend to
1ndicate a more covalent U-Cp bond in\Cp3U(NEt ) than in szU(NEt )
This can be explained in terms of the stronger basicity of the

2 group compared to that of the Cp'lighed. HN here are more
amido groups in the bigamide the uranium dges not . -quire as much of
the electron density from the cyclopentedienyls as in Cp3U(NFt ).
Hence there is more electron density remaining on the cyclopentadienyl
groups in CPZU(NEtZ)Z .

From the data in Table XXIII it would appear that the U-Cp bond
in Cp3U(NEt ) is more covalent than those in other reported Cp3UR
co;plexes since its y(C-H) band is at higher frequency and its
w(C-C) band a. lower frequency than in the other complexes

The metal-nitrogen stretch in Cp3U(NFt ) was not observed since
the spectrum was recorded with a mull. (The sample was not soluble
enough in hexanes so that a solution spectrum could be recorded.)
The spectrum began to tail;off below 520 cm—1 and hence cauld not
be-recorded. The lower v(U-N) 4in Cp3U(NEt ) than in Cp U(‘IEtz)2
indicates a weaker uranium-nitrogen bond This observation is |
enforced by the fact that oniy a loss of the NEtz group is seen in
the mass spectrum as compared to decomposition reactions.within the

Et2 group in CpZU(NEt:Z)2
The infrared spectrum of szv[ﬁ(C6H5)£]2 (Table XXIV) leads one

to say that the amount of ionicity in the U-Cp bond in szv[&(C6H5)é]2

'is about the same as that in Cp3U(NEt2) since Y(C—H) is

found at 802 cm-l. The apparently more covalent nature of the
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TABLE XXIII

COMPARISON OF SELECTED BANDS IN THE

INFRARED SPECTRAZ2 OF Cp3UR COMPLEXES

R w(C-C) X(CEH)' REFERENCE -NUMBFR
4 . -
NEt, 1435 808 t.w.
c1 - 789 4
alkyl 1435 790-780_ 9
Cy¥g 1440 788 8
Gyl 1443 792 8
Cp 1449 789 " 95
/

_ |
given in em 1 /

I
this work /



TABLE XXIV

SUMMARY OF THE INFRARED SPECTRIM?
OoF CPZU[:N(C6H5)232
n

PEAK | ASSIGNMENT

1309m

1261s

1171m

1146m asymV(NCZ)

10965 ,br®

1016s symv(NCz) of’@ (C6H5)2]2 and §(C-H) of Cp
"876w,br

826sh

820sh

802vs Y(C-H) of Cp

778sh ’

747m
7258
691m
666m

" 622m

given in t:m-1

broad
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U-Cp bond 1in szU[N(CGHS)ilzvas comp#red to CpZU(NEtz)2 can be
explained in terms of the basicity of the amido ligands. The
EJ(C6HS)é] ligand 1s a weaker base than the NEt, ligand due to the
electron-with-drawing nature of the phenyl groups. Hence less
electron density is QOnated to the uranium by tﬁe [N(C6H5)£] ligand
than by the NEt2 ligand which tﬁerzgy causes more electron density
to.be donated to thé.uranium by the Cptgfggnds in CpZU[N(C6H5)£]2
than in CPZU(NEt2)2' ;
The metal-nitrogen stretch probably w;s not observed since
again.the spectrum was recorded as a mull and could not be recorded
below about 520 cm—l. Since the metal-nitrogen stretch in |
szlr[&(qehs)é]z was reported to be at 507 cm_1,98 simple mass
effects would cause one to expect the uranium complex to show a
metal-nitrogen stretch at an even lower frequency. As was argued
in the case of Cp3U(NEt2) the lower v(U-N) as coépared to that of.
szU(NEtz)2 is indicative of a weaker uranium-nitrogen bond. Here,

too, the argument is enforced by the mass spectrum of CpZUEN(CGHS)Z;]2
. E

which shows only the loss of EN(C6H5)2 groups.

NMR SPECTRA

The 1H--‘NMR spectra of CPZU(NRZ)Z’ where = MJF\ECY C6H5, are
given in Figure 9, the 13C—NMR spectra of CPZU(NEt2)2 and 6§2Hf(NEt2)2
are given inuFigureS 10and 11, ;espectively, while the lH—NMR spectra
of Cp3U(NMe2) and Cp3U(NEté) afe given in Figure 12. It cap be seen

from the reproduced spectra that the paramagnetic uranium.samples

.
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Figure 9.
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H-NMR spectra of various Cp2U(NR
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DECOUPLED

e A

- Cp2U(NEf2)2
COUPLED
ILWMMJI L _
" 1251 595 -1204

Figure 10. 13C--NMR spectra of CbZU(NEtZ)z. Chemical shifts given

in pP.p.m. relative to TMS.
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DECOUPLED

T, | [;

COUPLED

| | i 1
098 - 48.9 16.5

Figure 11. 13C--NMR spectra of'Cp2Hf(NEt2)2. Chemical shifts giQen in

p.p.m. relative to TMS.
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R=C
'J,/“/\“‘ R= (:F+3 ’ ’kk‘ e ‘

l k |
l 6.40 8.40. | 18.86
-3.83 18.33.
Figure 12,

lH—NMR spectra'of Cp3U(NMe25 and Cp3U(NEt2). Chemical

shifts given in P.p.m. relative to internal benzene.

10
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give spectra having very sharp resonances in which even spin-spin

couplings are seen.

These spectra will be compared with those of other organoactinide

complexes in Chapter v.



CHAPTER IV - REACTIVITY OF CYCLOPENTADIENYIL-

' AMIDO DERIVATIVES OF URANTUM

INTRODUCTTION

| Once 1t had been establishea that the szU(NRZ)2 compie*es could
be isolated as pure solids (Chapter IIT), our attention naturally
turned to the synthetic utility of thege complexes. Lappe?t, et al.
have shown the amido derivatives of the transition metals to be
synthetically useful reagents reacting with eitheg of‘two types of
compounds: 1) those containing a hydrogen which 1s more actdic than
the parent aaine, HNR2 ({.e. a simple acid-base, or acid displacement,
reaétion); or 2) those which contain an unsaturated group (e.g. CSZ)

- “which inscrts itself into the metal-nitrogen bond.6q It was antici-
pa;ed that the szU(NRZ)2 complexes would react in'the same way to

give'o;her szv-derivatives as in equations IV-1 and IVTZ. Hence in

szU(NRz)2 + 2L —mm——> szl'(L)2 + 2HNR2 Iv-1

szL(NR + 2A=B — > szU(ABNRZ)2 o 1v-2

2)2
the absence of’CpZHCIZ, the CPZU(NRZ)Z complexes offered potenciél
routes for the preparation of other Cp2U¥derivatives,

In this connection it is particularly interestimg to note that

transition metal complexes of the tvype Cp.M(XR), (where X=0,S5; M=T{,
. 2 2

36,57 Mo r w58,59) are well-known. In addition these com-

Zr, Hf, ,

plexes can serve 4s a metal containing bidentate ligand system

reacting with Ho(CO)G,108 metal carbonyl complexes which contain

107
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labile ligands (e.g. (CH 30N, Mo (c0) ) , 108110 (RyP) MC1, (M=Nt, Pr),110

or metal halidesllo 112 to yield complexes of the type

S R

X
7 N

Cp M‘\—--- M Ln

zm;ux

Similarly CpZNb(SMe) reacts wtth NiCl to yleld [CpZNb(SMe) Ni(SMe) -

Cp Nb]gl 112 while (R P) M(QR) complexes (M=Pd, Pt) react with (nor-

113

bornadiene)Mo(CO) to yield (R P )M(SR) Mo(CO)a. On the basis of

structural and spectral studies performed on a series of complexes,
szM(SR) (CO)&, it has been argued that a metal—meta] bond 1is
present when M=T{ and M -Mo but that no metal-metal bond exists when

M=W and M =Cr, Mo, or w.108 110,114,115 Furthermore structural work

on the cationic{bpsz(SMe)zNi(SMe)ZNbCpéjzl 1s said to indica:~ the

presence of a metal-metal bond.112 Hence 1t was hoped t--t a gerfes
Gy .

of new complexes, Cp,U(XR) (X=0, S), could be prepared and that they
. 2 2

would also act as a bidentate ligand to form new complexes as in 6
. , .n

whefe fhe influence of an actinide could %e studied. In addition the

possibilicty of isolating complexes where a uranium-transition metal
metal-metal bond would be formed seemed real. To date there has
been only one»report of a complex in which an actinide-transition

metallmetal-meggl bond has been formed U[ﬁn(co)5]4°5

oo
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’ RESULTS AND DISCUSSTIO N

Most of the reactivity studies reported here have been done using
szU(NEtz)z. There are several reasons for doing this: 1) szU(NMez)2
could not be igolated as a pure solid; 2) Epe preparation of
CPZU[F(C6HS)é]2 is much‘lesg convenient than that of CpZU(NEcz)Z; 2
3) Cézucﬁ(c6ﬂs)é]2 is much more sensitive to moisture, heat, and air
than CpZU(NEtZ)é; énd 4) 1t is 6hch easier to eliminate the by-product

diefhylamine (b.p. 56°C) than diphenylamine which 1s a solid.

ACID DISPLACEMENT REACTIONS

Reactivity Toward Cyclopentadiene

It was mentioned in the previous chapter that Cp3U(NEt2) was
produced along with Cp2U(NEt2)2‘before it was discovered chat’U(NEtz)4
was light-sensitive. At tha; time it seemed apparent that Cp3U(NEt2)
was formed as a result of the reaction of the formed.szU(NEtz) with

one equivalent of cyclopentadiene (equation.IV?3). Later 1t was found

—— |-
,), + CpH > C?3U(NR2) + HNR, Iv-3

CpZU(NR

that U(NEtz)a_tgacts with an excess of cyclopentadiene to give, after
24 hogrs, Cp3U(NEt2) and a small amount of CpZU(NEtZ)2 as determined
by 1H—NMR. The absence of Cpaﬁsin the 1H-NMR spectrum indicates that
Cp3U(NEt2) will not react with cyclopentadiene to yiéld Cp‘.U95 as in

equétion IV—&L Even when the reaction of Cp3U(NEt2) and excess

- Cp3UNR)) + CpH ————> ¢ U+ WNR, V-4

!

|

i

‘ ¢
| .

-
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cyclopentadiene was attempted at 80°c no Cpaulwas produced. Also,

the fact that sope CpZU(NEtz)2 remained after 24 hours indicates that
the rate of formation of Cp3U(NEt ) is a much slower process than

that of Cp2U(NEt2)2 (cf. Table I where the reaction of U(NEtZ)b and
ltwo equivalents of cyclejentadiene yielded a high yield of Cp2U(NEt2)2
in only two hours).

The above reactivity 1s in contrast to that_of the transition
metal counterparts, CpZZr- and Cp2Hf(NEt2)2, which will not react
with excess cyclopentadiene even in refluxing benzehe. However
just as the difference in reactivity of the tetrakisamides of
titanium and zirconium and hafnium with excess cyclopentadiene is
explained in terms of steric effectq 56 similar arguments can be
utilized to account for the differences observed hére between the
.transition metals and uranium amides. As can be seen from Table VI
uranium is much larger than either zitconiuh'dr hafnium which are in
turn larger then titaniur. The parailel between the size of the
metal and the reactivity of that metal's tetrakisamide with excess
cyclopentadiene 1is seen 1in the products of the reaction, Cp3U(NEt2),.

pZHf- and CpZZr(NEtZ)z, and CpTi(NEt2)3, reépectively. Hence there
is not enough room around either zirconium or hafnium for a third
cyclépentadiene molecule to enter, while the larger size of.the
uranium allows this to occur though the reaction 1s slow. The
failure of Cp3U(NFt2) to react with cvclopentadiene to form CpAU is
also explained by steric effects. It is apparent that there 1s just

not enough room around the uranium for the fourth cyclopentadiene to
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interact favorably with the last uranium-amide bond. In support of
this one may note that 1in the Cp3UR complexes (R=Me, i-Pr, t-Bu,
etc.) the very facile 8- hvdropen elimination process which is prev-
alent in transition metal alkyls is not observed but thermolysis
ingtead yields radical type decomposition products 7 Here also
the protective cavity provided by the three cyclopentadienyl groups

is taken as being responsible for the great thermal stability of

,“these uranium- alkyl complexes. - .

The Cp3U(NMe2)—Cp2U(NMe )2 mixture was found to react with
excess cyclopentadiene to yield only Pp4U (m/e 498) as determined by
mass spectrometry. (Peaks due to Cp2U(NMe2)2 (e.g. m/e 456) had
vanished but there wag just a trace of Cp3U(NMe ) still present at
m/e 477. ) The smaller size of the dimethylamido ligand as compared
to the diethylamido ligand apparently cuts down the steric inter-
actioes sufficiently for the fourth cyclopentadiene to interact
favorably with the uranium-amide bond resulting in the formation of
Can. ’

Similarly the Cpl‘_xTh(NEt:z)x mixture (which contained mainly
szTh(NEtZ)z) was found to very slowly react with excess cyclopenta-
diene to yield CpATh.116 (The reaction was monitored by mass spec—~
trometry.) The mass spectrum originally showed no CpaTh (m/e 492)
but after the reaction mixture had stirred for 24 hours with excess
cyclopentadiene, a mass spectrum of the product showed both the
Cp4Th+ and'ijTh(NEtz)% (m/e 499) ions. Previously the difference

in reactivity between Cp,U(NMe,) and Cp.U(NEt ) was explained in
3 27 3 27
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terms of the different sieric requirements of the amides. Here,
though, it is seen that by slightly increasing the size of the éentral
metal atom from uranium to thprium (Table VI) the lengthening of the
thorium-nitrogen bond is apparently sufficient to éllow a fourth
cyclopentadiene molecule to react producing CpaTh.

The szutﬁ(C6H5)2]4 complex was also allowed to react with excess
>cyclopentadiene for two days. A mass spectrum of thé product showed
Cp,U (m/e 498) to be by far the majormpyqduct of the reaction though
a trace of Cp3U[N(C6H5)2] was found'gt.m/ei601. Even though a
diphenylamiao ligand group occupies more total space than a diethyl-
amido ligand, thé stefic requirements of the diphenylamido group are
- smaller than the diethyiamide's. As a result the reaction of
CpZU[N(C6H5)2]2 with excess cyclopentadiene will go completely to
Cp4U while the corresponding rea&tion with the dieth&lamide stops
at Cp,U(NEL,) . . |

The above reactivities of fhe Cp2U(NR2)2 and Cp3U(NR2) complexes
and the reactivity differences seen betweenh the reéctivity of the
‘actinide and the transition metal amides can be explained in terms
of steric effecté and tﬁg following general conclusions seem to be
apparent: 1) for a given R group of the NR2 ligand, as the size of
the me;al'increases‘so will the number of cyclépentadiene molecules
that can react with amido groups on the metal; and 2) for a given
ﬁetal; as the bulkiness of the amido group increases the lower the

number of cyclopentadienyl groups that can be accommodated (an
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extreme case of this is the inability of U[N(i—Pr)i]a to react with

cyclopentadiene).

Reactivity Toward Monodentate Thiold

A priori it would be expected thag CpZU(NEtz)2 wquld react with
two equivélents of a monodentate thiol (RSH) according to equation

Iv-5, of coursé, to us, this propoéal is very attractive since, as
szU(NEtz)2 + 2RSH —m4m8m8—>> szU(SR)2 + 2HNEt2 IV-5

mentioned previously, it exactly describes our anticipated synthetic
route for the preparation of CpZU(SR)2 Hence it was not surprising
to note that the dropwise addition of thiophenol to a solution of A
_CpZU(NEtz)2 in“toluene produced an immediate color change in the
solution indicating that a reaction ﬂad indeed occurred. Removal of
the solvent from the re#étion solutinn yielded a solid which-gave a
mass spectrum indicative of Cp3U(SC6H5) ﬁm/e 542) rather than fhe
egpected szu(sc6HS)2which‘shou1d have appeared at m/e 586. 'In
addition a lH NMR spectrum of the product consisted basicaliy of a
singlet at about 6.9 p.p.m. ahove internal benzene and another
singlet at about 11.9 p.p.m. Based on the mass spectrum and on

the relative consistant position of the proton resonances of the
Cp3U moiety7 147,48 the high field singlet wag tentatively assigned
to the cyclopentadienyl proﬁons of Cp3U(SC6H5). The phenyl protons

in Cp3U(SC6H5) would prohably be rather difficult to see due to the

low solubility of the complex, to the anticipated spin-spin couplings

which would decrease the height of each of the three expected aromatic
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resonances, and to the low relativg intensities of these aromatic
regonances as compare to the ;yclopentadienyl resonance (i.e.
15:2:2:1).
The possibility that one of the singlets was due to the
aromatic protons of the thiophenolate and not a cyclobentadienyl
ligand was excluded by the observation that the high'field resonance
had éﬁown with respect to the low field singlet after crystallization
' from THF. The reaction of szU(NEtz)2 and thiophenol was fepeated in
the coordinatiﬁg solvent THF but the same qualitative results were
:oStained, as when the reaction was performed in toluene. Hence it
was decided to repeat the reaction with ethanethiol rathér_than
thiophenol. it would be gxpeCCed that the ethanethiolate derivatives
would be more soluble than the thiophenolate derivative and that
its 1H ~NMR spectrum should be easier to interpret.
As ethanethiol was added to a solution of CpZU(NEtz)2 in THF
‘ ;the same type of reaction was observed as with thiophenol (i.e. the
reactioq solution immediately turned fréml; yelldéibrown tova deep
red color). Removal of the solvent in vacuo yielded a red 'solid.
The 1H-NMR spectrum of this solid showed only singlets at about
6.9 and 12.1 p.p.m. relative to internal benzene. If the assign-
~Aents made in the thiophenol éase were correct then the low field_
resonance is due tp.the cyclppentadienyl protons of CpZU(SEt)2 while
the high field resonance is due to cyclopentadienfl protons of
Cp3U<SEt).V However it was rather“disturbipg not to see the expected -

- ://
triplet and quartets of the ethyl groups. As with the thiopheﬁgiggg///
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product the high field singlet was more intense after crystallizafion
from THF than before crystallization. It was seen in the diethyl-
amido derivatives that Cp3U(NEt ) was less soluble than‘CpZU(NFt )
Hence the assignment of the high field singlet to the Cp3U der{vative
seemed to be in keeping with the solubility behavior previously sgeen.

In order to verify. the assignment of the high field'singlét to
the Cp3U(SR) complex, Cp3U(SEt) was‘prebared by ;he reaction of

Cp,yUCL and KSEt (equation IV-6). A 1H—NMR spectrum (at 100 MHz)

Cp,UCL + KSEt = CpyU(SEE) + Kel 1v-6

of the product obtained indéed showed a singlef at 12.08 p.p.m. as
anticipated, 1In agdition the methyl'grgup vas found as a triplet
at 26.12 p.p.m. and.the meghylehe group was found as a quartet at
41.05 ﬁﬁé.m. above internal benzene. Therefore our inability to °
see these high field signals pPreviously in the mixture of compounds
was only a feature of instrumental limitation. The observation of
the cyclopentadienyl reasonance at 12.08 p.p.m. clearly indicates
that the major component of the mixture wasg indeed the Cp3U(SR)
complex.

The clear implicatinn of the above results is that the CpZU(SR)z
complexes are indeed formed but disproportionate into Cp3U(SR) and

" either U(SR) (equation IV-7) or CpU(SR)., (equation IV-8). Of the
4 3 - the

3Cp,U(SR), — = 2Cp,U(SR) +'U(SR), Iv-7

2Cp;y(SR)2

= CpU(SR), + CpyU(SR) ~ 1v-8
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two possible disproportionation routes it would seem that the one
represented by equation IV-7 ig favored over eauation iV—8 for the
following reasohs:‘ 1) the U(SR)a complexes are known to be rather
insolub1e532) when any of the thiol reaction products were treated
with benzene a small amount of undissolved material always remained,
'U(QR)A, 3) in addition to the observance of Cp3U(§Ft) (m/e
494) in the mass spectrum of the product obtained with ethanethiol,
a small peak at m/e 482 was also seen which can be attributed to
(SEt)a . while no peak was seen at m/e 486 (i.e. CpU(SEt:)3 ).

The absence of peaks due to szU(SR)2 in the mass spectrum,
even though the singlet at about 6.8 p.p.m. in the IH-IIR seems to
indicate 1ts presence, was.bothering. However due to the high
temperatures necessary to record the mass spectra (i.e. about 140°C)
it is pessible that the disproportionation has gone te eompletion
or nearly so as evidenced by the observance of U(SEt)4¥:

The results of previous studies on cyclopentadienyl actinide
complexes indicated that there is a certain amount of covalent nature
to the cyclopentadienyl—metal bondl"12 ’in contrast "to the lanthanide
cyclopentadienyls which are almost exclusively ioe;c 47, f8 Hence
it would be expected that disproportionation in the szU(SR) com-
Plexes is a result of molecular associations rather than a random
redistribution of ligands, If indeed this‘is the case then a vefy

bulky thiol would minimize the possibility of disproportionation and

increase the possibility of isolating the desired CpZU(SR)z.complex.
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To test this postulation t—butanethiél (Htbt) was reacted with
CpZU(NEtz)2 as per equétion IV-5. Analogous to the other thiol
reactions, the addition of t-butanethiol to a- solution of CpZU(NEt )2
in THF produced an .immediate color change from yellow—brown to deep
red. Removal of the solvent EE.XEEEQ yielded a red solid whose
lH—NMR spectrum consistc o! g3 sharp singlet at about 17.1 p.p. m.,

a broader singlet at 8.9 ¢ +P--1.and a very small peak at 12.2 p.p.m.
The peaks at 17.1 P.-p.m. ana 8.9 | .p.m, integrated in a 9:5 (or

18:10) ratio as wéuld be expecter for szU(tbt)Z. Hgnce it seemed .
apparent that the peak at 12.2 P.p.m. w:s due to Cp3U(tbt) If

this assignment is correct then the szU(tbt) was contaminated

with 1-2% pp3U(tbt). As‘furthe; evidence that disproportionation
through associations was occurring it was found that if the reaction
was repea;ed in pentane fhen about 5-6% Cp3U(tbt) was formed.

When CpZU(SR)2 is dissolved in a coordinating solvent such as THF,

‘thé THF can compete with (SR) iigands from another uranium complex

vfor vacant coordination sites On a uranium while such competition is
non-existent in non-coordinating solvents as in pentane. Hence.one
would expect more Cp3U(SR) to be‘?roduced in a non—coordinating’solvent
than in_a coordinating solvent if molecular associations are imﬁortant.
As mentioned above this indeed is found.

‘The mass spectrum of CpZU(tbt:)2 is summarlzed in Table XXv.

The molecular ion, Cp2U(tbt)2 » 1s observed together with a small
amount of Cp3U(tbt) « In contrast to the mass spectra of the

szU(SR) —Cp3U(SR) mixtures (where R=Et, C H ) which showed only

\



- TABLE XXV

SUMMARY OF ZHE MASS SPECTRUM OF CpZU(tbt)2

. RELATIVE
MASS ABUNDANCE ASSTIGNMENT
A (m/e) <)
' +
546 29 Cp,U(tbt),
522 2 Cp,U(tbe)*
490 7 ~ Cp,UCebe) (suy*
434 218 cp,ucsuy,
2 2
433 14 cp,u*
401 37° Cp,USH
400 100 Cp, S
368 11¢ cp, Ut
367 22 épusz+
335 57 cpust
+ +
334 40 CSHAUS -or—US3
270 9" ust
a 13
C contribution from m/e 433vinc1uded
b 13C contribution from m/e 400 ingluded
¢ 13C contribution from m/e 367 included
d, 13 contribution from m/e 334 included

118
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the Cp3U(SR) to be present,.szv(tbt)2 predominates in the above spec-
trum, and Cp3U(t5t) is only a minor impurity. In addition there

were no significant changes 1; the relative abundances of the
CpZU(tbt)2+'and Cp3U(tbt)+ peaks even after 12 minutes at 170°C, the
temperature at whicb the spectrum was recorded (i.e. after 15 min-
utes thé relative abundance 'of CpZU(tbt)z+ to Cp3U(tbt)+ had changed
from 14.5:1 to about 5:1). Hence it can be concluded that the
t-butanethiolate ligand is so bulky that the amount of molecular
‘hssociations is indeed minimized and that disproportionation has

been quite effectively limited though not entirely eliminated.

It can also be seen from Table XXV that decomposition occurs
almost exclusively within the t-butanethiolate ligand. In addition
there are high abundances of #ons in which a bare sulfur atom is
attached to an organouranium moiety. In fact the base peak of the
spectrum, mée 400 corresponds to such an ion (1.e. Cp2US+).

Table XXVI lists tﬁe four main decomposition processes obgerved'
in the mass spectrum of szU(tbt)z. The molecular ion loses two

successively, then a molecule of st in

molecules of CH = CMe

2 2
generating the base peak, Cp2US+. The main decompositio; process
then is the expulsion of a cyclopenta&ienyl ligand from the CpZUS+.
ion. |

- Tables XXVII and XXVIII summarize the mass spectra of Cp3U(SEt)
and Cp3U(SC6H5); respectively. It should be noted that the massg
spectra of the szU(SEt)z-Cp3U(SE;) mixture and the Cp3U(SEt) sample “

prepared by the route shown in equation IV-6 were virtuilly

s

7/
/
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TABLE XXVII

SUMMARY OF THE MASS SPECTRUM OF Cp4U(SEt)

" RELATIVE

MASS ABUNDANCE - ' ASSIGNMENT

(m/e) (%) : :

494 39 - cpguesEr)t

433 1100- ; Cp3df7 o

429 23 - _-szuksnc)+

401 10° cp, usk* :

400 23 | cpzﬁs+ .

368 43 - cp,u*

335 AL cpust ' B
334 35 '(csn4)uéf -orf:u§3+ o, |
303 10 cpu” - |

270 % ~-~~usf.';”_“ ,H ot
a

13C contribution from m/e 400 included

13C contribution from m/e .334 included



TABLE XXVIII

SUMMARY OF THE MASS SPECTRUM OF CP4U(SC,H)
* RELATIVE
MASS ABUNDANCE assionvent
(m/e) )y °
542 27 cpiu(sc, n )t
3V (5CH,
: +
447 34 Cp,U(SC H,)
433 88 Cp3u+
UaE +
411 15§ CpU (SCgH,)
368 34 cp,u*
335 8 cpus’
218 c u.ssc.u.t

100

6577765
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identical. It is interesting to note that the bage peak in the
Cp3U(SEt) mass spectrum 1is Cp3U+ (m/e 433) while a peak corresponding
to the disulfide, (CGHS)S_S(C6H5)+' m/e 218, is the basge peak in the
+ +
mass spectrum of Cp3U(SC6H5) . Whether the formation of C6HSS-SC6H5
)+

results from a very.rapid decomposition of CpZU(SC6H5 from an

ion-molecule reaction in thghspectromefér, or from both 1s hard to
say. However it should be.pointed out that whenever it was checked
in this research, the mass spectrum of a genuine Cp3UR sample agreed
almost exactly with that of a mixturg which shoﬁed Cp3UR+ in 1its
mass spectrum, The decompositionrof §p3U(SEt) octurs both thr6;éh
loss of the ethanethiélato_ligand and fhrough losses within the
ethanethiolato ligand. However the peaks which correspond to the
loss of the thiol followed by losses of.cyclopentadienyl from tﬁe

A ) o
resulting Cp3U+ ate; on the whole,{moré abundant than those peaks
which appear to be due to logses'ﬁithin-the.thiol (e.g. CpZUSH,
m/e 401), )

In contrast to the mass spectrum of Cé#U(SEt), the mass spec-
t¥iin of Cp3U(SC6H5) shows th;t ions of the type, CpxU(SC6HS)+
(where x=3,2,1) are more abundant. It is also seen that there ié
only one ion of significance whiéh sﬁbws that any decomposition
has occurred within theighi?phenolato ligand (i.e. m/e 335).

-The CpZU(tbt)2 complex is solub;e even in non-coordinating
solvents such as péntane. As a result of its high solubility, both

its lH— and 13C—NMR spectra could be recorded and are shown in

Figures 13 and 14, respectively. However the comparison of these
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| 1
8.89 | 1713

Figure 13, 1H—NMR spectrum of szU(tbt)z. Chemical shifts given in

P.P.m. relative to internal benzene,
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fﬁ

13

Figure 14, C-NMR spectrum of szU(tbt)

400 Hz

mw

P.-p.m. relative to TMS.

X Wi \Mm w‘f“ﬂw«

2604 593 -326.2

2% Chemical shifts given in °
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spectra with those of other organocactinides will be deferred until

Chapter V.

Reactivity Toward Diprotic Chelating Ligands

-

Since the reactivity toward monoprotic ligands was complicated
by disproportionation reactions, it was decided to study the
reactivity of CpZU(NEt2)2 toward potentially chelating diprotic
ligands, Hzchel. It was hoped that the formation of a chelating
ring by uranium would confer added stability to the CpZU—moiety and
eliminate disproportionation. The enhanced stabilities of chelated
complexes with respect to‘their.monodentate countefparts is well-

] .
known in inorganic chemistry. 117 In order to increase the probability

that chelation would indeed occur, as in 7,brather than bridge for-
mation, as in 8, rigid diprotic ligands capable of forming five-

membered rings were chosen: o-metcaptophenol (H2 omp ), catechol

(H2 cat), etc,

/h _~C el\
Cp2 \e Cp2U\ el UCp2

W) 8

As o-mercaptophenyl was added dropwise to a solution of szU(NEtz)2

(equation IV-9) an immediate color change from yellow-brown to deep

szU(NEt‘z)z + H.z(chél) * Cp,U(chel) + 2HNEE, N IV-9

red was observed. Removal of the solvent under vacuum gave a near
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Cp;;'U(caf)

CppU(tdt)

1600 1200 800 400

Figure 15. Infrared spectra of szU(chel) Compléxes.
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quantitative yield.of Cp U(omp). The crude reaction oroduct was re-
crystallized and the nature of the complex was ascertained by the
following routine measurements. The infrared spectrum (Figure 15)
showed bands at 1573, 1436, 1270, end 753 cmn1 indicative of an
o-disubstituted benzene 118 which, together with the absence of a
band around 3300 cm™ (i e._v(OH))and one around 2540 cm (i.e.
V(SH)), are taken as evidence that indeed a chelated complex has been
formed. 1In aodition bands at 1012, 808, 801 and 794 cm-1 are indicative
of the cyclopentadienyl ligand. 92

The mass spectrum of Cp2U(omp) showed the expected molecular
ion at m/e 492 (60%) but surprisingly also showed a peak at m/e
984 (367%) which corresponds to [CpZU(omp)]+ Dimer formation was not
expected since the analogous transition metal Cp M(chel) complexes
are. known to be monomeric? 58, 119-123 although complexes where these
and related bidentete bridging positions are known.‘lza’lzs The base
peak in the spectrum was that corresponding to Cp3U2(omp); (i.e. the
dimeric molecular ion minus one Cp) at m/e 919. The metastable peak //
corresponding to the formation of the base peak was observed at m/e

858.5 (calculated 858.3) while the metastable peak correspondlng to

the loss of a cyclopentadienyl ligand from the monomer
+ . + '
szU(omp) * CpU(omp) + Cp Iv-10

was observed at m/e 370.5 (calculated 370.6). It was quite surprising
to see that the mass Spectrum of the complex. showed no signs of

thermal decomposition even though the spectrum was recorded at 180°C.

1 : .
The "H-NMR spectrum was run but;;p}y—gne resonance was observed

€y
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at 6.87 p.p.m. above internal benzene which was assigned to the
Lcyc10pentadieny1 ligané. Our inability to observe the.Zromatic
protons can be explained as follows. At best the four aromatic
protons will form an A2X2 pattern, eacb_triplet representing two
protons. The intensity ratio between the cyclopentadienyl protons
and the highest member_of the triplet then would be 10 : 1. Due to
the low solubility of the complex in suitable deuterated solvents C-
essignments of such small‘peaks could not be made with certainty. «
The same reaction (ejuation IV-9) was repeated using freshly
sublimed catechol. Here;vkoo,'the recrystallized product gave a good
‘analysis, and the infrared spectrum (Fignre 15; bands were at '576,
1476, 1440, 1265, and 744 6m-1 together with no V(OH) bands around
330 cm ) indicated a chelated complex. l
Just as the ‘mass spectrum of szU(omp)‘showed a dimer so the
szU(cat) complex also showed a dimer at m/e 952. The main de-
composition process was loss of a cyclopentadienylvligand from the
‘dimer as observed by a relatively strong'metastable peak at m/e 826.5
(calculated 826.4); In contrast to the mass Spectrum of the szﬁ(omp)
eomplex that of szU(cat) showed only a small amount of the monomer
atm/e 476 which was the monomer plus a small amount-6f [CpZU(cat)]2
as 1ndicated by a peak at m/e 476.5. Another striking‘difference
between the mass spectra of szU(omp) and szU(cat) was the observancel
of a small peak at m/e 974 (3%) which corresponds to (Cp3U)2(cat)
In keeping with this and the large amount of steric inteffgtlons

expected. between two Cp3U moieties ortho to one another, a relatively

strong peak’ corresponding to Cp3 vt is observed at m/e 433 (88%). The .
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analysis-of the sample clearly showed that if (Cp3U) (cat) was present
in the product it had to be present in very small'ﬁmounts (the % C
required for szU(cat) is 40 35%, for (Cp3U) (cat) 44.95%; found 40. 06,

40,12 2C). Due to the very low solubility of the szU(cat) complex

a complete lH—NMR spectrum could not be obtained. Kﬁsharp,sin

was observed at 6,88 p.p;m. relative to internal benzene which was

assigned to the cyclopentadienyl ligand.
In an effort to improve the solubility of the complexes and to

extend the known CpZU(chel) derivatives it was decided_to react

CpZU(NEtZ)2 with toluene-3,4-dithiol with the hope of getting

szU(tdt) (equation IV-9)., The addition of one equivalent of toluene-

3,4eeithiol (Hztdt) to a solution of szU(NEtz)2 resulted in an im-

mediate céq%r change from yellow-brown to deep red. A mass spectrum

of the reaetion.product exhibited only weak metal-containing peaks.

This was probably due to a combination of low voiatiiify and fhermal

decomposition as evidenced by.the fact that peaks at ﬁ/e 154‘(tdt+),

66 (CpH+), 65 (Cp+), and other low mass peeks were off-scale. The

mass spectrum was rather siméie con51sting of peaks attributable to

the molecular ion, szU(tdt) , at m/e 522 (82%), to CﬁU(td;J at m/e

457 (100/ the base peak of the metal—contalning fragments, but not

the base peak of the spectrum), to Cp2U at m/e 368 (784), and. to U(tdt)+

at m/e 392 ,(16%). It must also be mentloned that a trace of what

might be tﬁe dimer (i.e. [CpZU(tdt)] ) was seen around ‘m/e 1045 though

the mass could not be determined for certain. There were some other

peaks which could not be attributed to reasonable decomposition

products of ‘either szU(tdt) or [CpZU(tdt)] Most disturbing was
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a strong peak at m/e 433yattributable to Cp3U+ (68%). The presénce
of this peak wés taken as indirect evidence for (Cp3U)2(tdt) though
this molecular ion was not seen at the expected m/e 1020. (More will
be said about this later). |

In marked coptrast to the mass spec;ra of the other szU(chel)
complexes, fhe mass spectrum of szU(tdt) exhibited at best a trace of
the dimeric molecuiar ion. From Pearson's hard-soft acid-base concepts
uranium (IV), a hard acid, would be expected to form a more stable
éomplex with a;,oxygen—donor iigand, a hard base, than with a sulfur-
donor ligand, a soft base. Thus the interaction of two uranium (1IV)
ions with four oxygen-donors wei'’' be more favorable than that with two
oxygen—dvors and two sulfur-c nor while the interaction with four
sulfur-donors would be the least favored. Thelstrength of uranium-
donor interactions predicted by hard-soft acid-base considerations 1is
the same as the apparent order of mass spectral stability of the dimeric
units, [szU(chel)];, és can be seen from Table XXIX. (It:ﬁhould be
noted that the data in Table XXIX is presented in a manner different
from that of the other mass spectra. For sake of comparison of eééh
of the complexes the szU(chel)+ ion was aésigned a value of 100%.
Though one cannot make quantitative comparisons of the various spectra
one can, nonetheless, see the trend).:

The infrared spectrum of the product (Figure 15; Table XXX) was
quite comparable to that of the analogous transition metalrcompounds
CpZZr(tdt) 119 Fnd szMo(tdt). >8 The absence of a band at about
2540 cm-l (i.e. v(S-H)) together with the presence of baﬁdsvat 1600,

1579, 1492, and 865 cm-'1 which are characteristic of a 1,2,4-trisub-
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' 118 -
stituted benzene ring were also taken as evidence that a chelated
complex had been formed. 1In addition bands assigned to the cyclo-

.pentadienyl resonance were seen at 1451, 1012, 798 and 789 cm_l.

A 1H—NMR spectrum (Figure 16) consisted of a singlet at 0.12

L
é.p.m. (Cp) relative to internal benzene, a.singlet at 4.93 p.p.m.
(aromatics) and a singlet at 6.88 p.p.m. (Me) wﬂich were in an
approximate 10 : 3 : 3 ratio, respecti?ely. The ratfo fits the
szU(tdt) formulapionif all three of the aromatic protons resonate at
the same position. The singlet for the cyclopentadienyl ligand is
consistent with the spectra of szTi(chel) complexes where chel = tde,
benzenedithiol (bdt), and 1,2-ethylenedithiol. 120 However, Kopf,
in a variable temperature study of the sz%%(chel) complexes, found
that the room‘temperature singlet was spliegznto two singlets of
equal intensity at ~50°c¢, This is in keeging-with‘the crystal structure
of szTi(bdt) 121 which shows that theIﬂ.metaliocycle (i.e. TiSZCZ)
is bent aleng the S—S vector so that an angle of 46°C is formed
thereby generating two different cyclopentadienyl rings.

In order to see if the szu(tdt) comélex would behave like its
titanium analog, lH—NMR spectra were recorded from -60°C to +60°C
(Figure 17). Indeedlit was seen that at low temperatures the room
' temperature singlet‘had split into twq resonances, but the peaks were
not in a 1 : 1 ratio as found- for the titanium complexes.' Iﬁstead an.
approximate 1 : 2 ratio was observed. Hence the flipping of the metallo-
cycle ring postulated by Kopf 120 cannot account for the results of

the szU(tdt) complex. The splitting of the two resonances into two .

peaks of unequal intensity was explained in terms of a monomer~dimer
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Figure 16,

shifts given in p.p.m. relative to internal benzene.

493

1H—NMR spectrum of the presumed CpZU(tdt).

6.88
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SUMMARY OF THE INFRARED SPECTRA 2

TABLE XXX

135

OF szM(tdt) COMPLEXES

zr® M yd ASSIGNMENT 2e® Mo v AssIoNMENT
3080w 311lm 3075w 1038w  1032ms
3013w 3020w 1015s 1013w 1012s §(C-H) of Cp
v(C~H)
2920m 2910w 1000w
2853y K 937m
1858w 914m
1600mw 890sh
1580w 1579m 862sh  865m
1533w 8325 840mw
1492m O 810sh
14505 145im 1451s | 805sh
1436sh 805s  799s  798vs Y(C-H) of Cp
1414sh 789vs y(C-H) of Cp
1380w  1370m - 729s
1260w '1278w 1260m 794vw  695m
1250w 1247w "1246m 680m 685  68m
1206w 1206w 699w
- 1140vw 1142sh ‘665w
1126vw . 634mw
1110w 1105m 1107m 615mw
1080w 600m
1061w 1062w 550w 550m

[

(Table continued)



.

Table RxXX continued
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Zr Mo v ASSIGNMENT

497sh
468m

" 440m
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298°K
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273°K
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Figure 17. Variable temperature lH~NMR'spectra of the Cp protons of
the presumed CpZU(tdt). The chemical shifts are given in
P.p.m. (downfield) from internal cyclohexane and maybe

converted to chemical shifts relative to benzene by the

equation, GBen = 5.80 %
766

toluene-;d8 are marked by +,

CH. " Residual protons of
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Figure 17 continued i
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equilibrium such that at higher temperatures the rate of intercon-
version of the two forms is faster than the NMR time scale while

at lower temperetures the rate of interconversion is slowed down
sufficiently to allow observance of both the monomer and diher..

To verify that the observation of two peaks at loy temperatgzg;
was Indeed due to a monomer-dimer equilibrium, a concentratiogi‘
dependent study-was initiated. To do so we had to prepare a new
sample; however the product obtained when the preparation of
sza(gdt) was repeated did not give a good analysis and its 1H-NMR
spettrum was different from the previously described spectrum. This
lB—NMR spectrum showed a singlet around benzene and a singlet at
6.84 p:p.m. as before but two features of the spectrum had changed:
(1) the peak previously seen at 4,98 p p.m. was absent; and (2) al
broad peak now appeared at 11.04 p.p.m.

The mass spectrum of this solid also dxhibited a peak at m/e
433, Cp3U+. In fact if the largest metal-Containing ion of the first
mass spectrum (i.e. m/e 457) was still téken as 100% then the m/e
433 peak was 114% and the m/e 522 pe:: was 89%. The appearance
of the Cp3U ion at m/e 433 was again taken as indirect evidence for

the formation of some (Cp3U)2(tdt) though this was not directly seen’

in the mass spectrum. B L ‘
. - - L 2

~ o a4

- At this point a lH—NMR spectrum of the tolu@h€;3 4~dithiol used
for this second preparation was recorded since a sample from another
company was used for the first preparation. The spectrom showed
that water was also present in about 20%! .Hence the sample of

toluene-3,4~dithiol was discarded, a fresh commercial sample was
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opened, added to anhydrous MgSO4 and vacuum distilled. A 1H—NMR

spectrum showed no water,

The reaction was then repeated ﬁsing thefreshly distilled ligand
and a freshly prepared szU(NEté)z, the reaction time being slightly
longer than in the original preparation. Nevertheless the 1H—NMR
spectrum was still different from our original sample, the main
difference being the absence of the peak at 4,98 p.p.m. The absence
of this resonance did not cause too much concern since we had a dif-
ficult time ekplaining the appearance of a singlet for the three
chethically different protons in the first place. However, the ob-
servation that the two peaks were not in the expected 10 : 3 ratio
was Very puzzling (in fact we could not account for itj. A mass
Spectrum was run apd agéin it showed peaks at m/e 368 (Cp2U+; 737%),
433 (Cp3U+; 827%), 457 (Ccpu(tar)t; 100%), 522 (Cp,U(tdt)™; 76%), and
a few unassignable weak peaks at higher mass indicafing the probable
formation of somc (Cp,U), (tdt). It was thought that the formation of
the latter ¢omplex was due to a disproportionation reaction (equation

IV-11) similav o :4e ones observed with monodentate thiols. Such
3c;$2U(tdt) — ——> (Cpg0),(tde) + U(tar), Iv-11

a disproportionétion reaction hopefully was not fast and it was
thought that possibly the long reaction. time utilized in the previous
syntheses contributed to the formation ©f the Cp3U—derivqtives.
Furthermore the acid;base tf‘é of reaction utilized for the prep-

' ]
aration of the complexes should be nearly instantaneous. It was

then decided to attempt a quick reaction in the hope that this

b3
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would cut down the amount of (Cp3U) (tdt) that would be formed.

A new reaction was carried out with a total reaction time of
oée hour. The 1H—NMR spectrum (Table XXXI) of this product showed
only a singlet aroupd benzene and a broad unresolvable multiplet at
about 11 p.p.m., the peak previously observed at 6.86 * 0.02 p.p.m;
being absent. The spectrum, though puzzling, indicated that a
complete reaction indeed had occurred since peaks due to szU(NEtz)2
were absent. A mass spectrum again showed peaks at m/e 368 (Cp2U+;
23%), 433 (Cp3U+; 53%) 457 (cpu(tde)t; 100%), 522 (cp,U(tdr)™; 78%),
and a few very weak unassigneble peaks at Higher mass possibly in-
dicating the presence of (Cp3U)2(tdt) even though the 1H--NMR’spectrum
showed only one major peak.

Similarly complicated results were ebtained when 4-~methylcatechol
(H Me-cat) was reacted with the amide (Table XXXI). The only con-
sistent picture comes from mass spectral work. After a short reaction
time only traces of (Cp3U)2(Mefcat)+ (m/e 988) are observed along
with smaller-amounts of m/e 433, Cp3U+, whereas longer stirring of
the reaction mixture appsrently produces more of the (Cp3U)2(Me-cat).
The lH—NMR spectra were puzzling. It was expected that the cyclo-
pentadienyl resonance for this compound would be at about the same
position as observed for the catechel derivative. However, the three.
main resonances observed in both of the atove complexes were at 7,02
p.p.ml (2.7 1H) 17.16 p.p.m. (5.0 H), and 17.44 (5 0] H) Additional -
small peaks occurred at 4.44 p.p.m. and 7. 62 pP.p.m. " whose intensities
changed somewhat from the two syntheses._ ThlS seems to imply that

the two high field resonances (i.e. at 17.16 and 17.44 p.p.m.) cor-
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respond to the cyclopentadienyl ringé (since Me-cat is an asme
metric ligand and the complex presumably exists in solution as a
dimer, it is conceivable thét isomers exist which produce the two
cyclopentadienyl‘resonances) and the low field resonance to the
methyl group. This is indeed a drastic change froﬁ the unsub-
stituted complex. It could also be that the two high field resonances
are due to the two different types of Cp3U moiety and that one of
the smaller peaks is due to the methyl group to produce the 30 : 3
ratio demanded by the structure. - The constancy of the ratio ob-
served in the 1H-NMR spectra for these three peaks (Table XXXI),
"even though the mass spectra showed drastically diffefent amounts
of [CpZU(Mg—cat)]; .and (ijU)z(Me—cat)+, seems to eliminate the
latter possibility.
To gain a cleareriidea of the situation it was decided to make

the (Cp3U)2(chel) complexes by the most rational way
2Cp3UCl + Naz(chel) ———————-:>(Cp3U)2(chel) + 2NaCl Iv-12

An obvious reaction occurred in both cases as evidenced by color
changes. However, the isolated products showed very disappointing
.1 mass spectra, with the only identifiable fragments being Cp3U+
+ | Coc 127 +
(m/e 433), Cp3UCl (m/e 468) and its fragments , and (Cp3U)20 .
Hence the object of this synthesis, the recording of the lH-NMR
" spectra of the pure (ép%U)z(chel) complexes could not be achieved.
It is then impossible aﬂqahe present time to tell which, if any, of

the resonances in the previous lH-NMR spectra (Table XXXI) belong to

(Cp3U)2(che1), and to tell if the production of the (Cp3U)2(che1)

-,
3 e
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complexes occurs in solution or in the mass spectrometer.

At this point it is beiieved that the good analyses, the
l‘H—NMR‘nd mass‘_‘spect.ral work on szU(omp) and Cp2U(cat) show that
the complexes can be obtained, though the 1H—NMR spectra of the tdt
-and Me-cat derivatives remain unexplained. It is clear however,
that the inabiligj to reproduce the very simple }H-NMR spectrum
for the "purest" szU(tdt)'sample (i.e. from the quick preparation)
casts doubt on the monomer i dimer equilibrium pggposed‘to explain
the variable temperature studies (Figure 17). Fu;ther work is yet,
required to understand these systems.

INSERTION REACTIONS 8

Lappert, et al. have shown that the amido derivatives of the
transition metais will insert a wide variety of unsaturated ligands
into the metal-nitrogen bond as in equation IV-2, 64,69 More
recently Bagnall and Yanir have reﬁbrted that the tetrakisamides
of thorium and uranium will insert either C02, cos, C82 or CSe2
into the metal-nitrogen bond 78 thereby establishing the generality
of the previously observed insertion of CS2 into the uranium-

' nitrogen bond U[N(i-Pr)Z]4 (Chapter II).

Hence the exothermié dissolution of CpZ_U(NEtz)2 in carbon di-
5u1fidéﬁwas anticipated to yield the CSZ-inserted product, bis-
(cyclopentadienyl)bis(N,N—diethyldithiocarbamato)uranium (1v),
CPZU[SZCNECZJZ(CPédetC)Z)' Removal of the excess CS2 under vacuum
gave'a solid whose weight corresponded to a quantitative yield of

szU(dtc)z. A mass spectrum of the solid showed the expected

molecular ion to be present at m/e 664 while a lH—NMR spectrum of
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] L |
-0.37 0 11.04 11.49

Figure 18, lH—NMR spectrum of CpZU(dtc)z. Chemical shifts given in

P.-p.m. relative to internal benzene.
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the solid (Figure 18) showed a singlet at -0.37 p.p.m. relative to
internal benzene, and a pair of broad peaks at 11.04 and 11.49 p.p.m.
whicn tend»to resemble a triplet and arquartet, respectively. A
relfanle‘integratibn of each peak was not possible due to the clOSef
ness of the twe high field peaks. However, the intensity ratio of
the combined high field peaks to the low field resonance was 2 :1
as would be expected for C;;U(dtc) In contrast to the dimeric
nature of the CpZU(chel) complexes, a molecular weight determination
(osmqmetry) in benzene; Bernhardt) indicated that the complex was

~

The infrared spectra of numerous N,N-diethyldithiocarbamate
. ) (V4
complexes have been reported 79,99,100,104 as have characteristic
infrared bands of dithiocarbamate ligands.79’99_103 However, only
Lo 99-103
a few of these characteristic bands have been assigned. The
results presented in Table XXXII (see also Figure 19) reflect this

lack of knowledge and our assignments are restricted to those bands .

where comparison with previous studies gives confidence to such a

task.

Most of the structural determinations on dlthiocarbamate com-
plexes have found the dithiocarbamate moiety to be present as a
bldentate ligand as shown in 9 rather than as a monodentate ligand,

I

19. The number of reported structures in which dithiocarbamate ligands

PN
\s/C NR2

9 1

~ . . ~
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are known to be present both as a monodentate and a bidentate ligand
is indeed small_lp2 being confined to the following complexes:

103’104, Rh(PBh3)(dtc)3 105, and Sn(dtc)4 106. Never-

Rix(No)(dcc)3
theless both bonding possibilities have bgen observed. Thus the
bonding possibilities of the two dithiocarbamate ligands in
CpZU(dtc)z are indeed numerous and the arrival at a conclusive
decision here is difficult. In prinéiple the complex can have both
dithiocarbamate ligands chelated to the metal, both acting as mono-
dentate ligands, or one bidenfate and one monodentate ligand. This
last possibility can be eliminated with some degree of copfidence
since only one V(CN) bond at 1483 cm*1 was observed in the infrared
spectrum whereas in previous studies contéining both types of ligands
two suchgbands were always seen.103-106’129‘ A choice between the
other two pdssibilities is more ambiguous. Bonati and Ugo- found ﬁhe
lOOOém-lregionto be a more reliable criterion for the presence of
monodentate dithiocarbamate ligands. 107 Since the monodentate _
ligand possesses two quite different carbon sulfur bonds (i.e. oné
‘C=S and one C-S), two .carbon-sulfur stretching modes should be seen
‘around the 100 cm™t region with the v(C=S) being found above 1000 en”t
ana.ﬁhe V(C-S) “somewhat below 1000 cm-l.‘ Unfortunately the region
above 1000 cm-l in the spectrum of CpZU(dtc)2 is obscured by absor-

ptions of the cyclopentadienyl ring and hence cannot be used as an

indicator for the type of dithiocarbamate bonding.

-

FOusn

 Nevertheless noting the preference of uranium‘for high co~ >

A

ordination numbers we are inclined to think that in CpZU(dtc)2 bof%‘ﬁgiv
e

1

dithiocarbamate ligands are in fact bidentate. To support this fbg— i

. Vv



150 "

o

A N

clusion we note that the CpZU(chel) compleﬁfs“tend toward dimer for-
mation whereas the szu(dtCYé complex 1s-monomeric in solution. Also
‘the dithiocarbamates, by virtue of their low charge and small "hites"

° .
8 - 2.9 A) are indeed one of the chelating ligands that

(1.e.
stabilize bigh coordination numbers already in the transition :
Y > 128,

\‘
metals (cf. Ti(dtc)4 is eight coordinate. )

Accepting the hypothesis of bigentate dithioc&rbamates we still
4
have to consider the possibility of cis and trans geometric isomers,
‘5“. ‘e , . N
11 and 12, for the above complex. o /
-— . ~ .

12

(In 11 and 12 the Cp ligand is assumed to occupy one coordination

.

position )(”in the. absence of dipole moment measurements, or better

‘.

yet a structural determlnation a choice between the two cannot be

tf <k ;
made with certainty ¢ o ] . . . .
: ' . o — o gy%}

A : .
cL C b P
L IR ‘

* -
Since everything we have said so; far is- speculative we cannoq‘ o
r —w’*" !"—l’ fas e

7

resist but offer a preferenoe between 11 and 12. The cis can e”

* : 9
‘<

type compounds ‘and heqee it is favored _ gfﬁ co

SB . . = @ e
’ s S a4 . .
- e v R

R t 'Ua S N ' ) R’y DM .
. P ANy
; 3 ,J';&?yﬁ

be related to tn’ structures of other angular bis—cyclopentadienff@%



The assignable v(C-N) stretching frequency at 1483 cm -1 can
nevertheless be utilized to say something about the electronic

structure of the coordinated dithiocarbamate ligand. TEeFanionic
A DO

. =y C
dithiocarbamate %igand can‘pe written in termg of regonancelstruc-

tures 13, 14 and“l§.. Hence the band position of v(C-N) ﬁ!ves 5/

.
\:C-N Ry
s

A. ' e
W :
” - 4 T "':' :
. .
L) Q‘
. : . RO

indication of the relative importanée-of the different forms. As

w

can be seen from Table XXXIIﬂghe v!C N) band of CpZU(dtc)2 at

1483 cm -1 is about half-way between that of U(dtQ)Q, 1490 or 1494 cm -

«and Na(dtc), 1478 cm }. The values indicate that on golﬁg from

ﬁ(dtL)a to szU(dtc)2 the electron demanding power of the uranium

)

has decreased and thus has caused a decrease in the relative*im-

~
;"

portance of resonéhce structure 14 whlch can h@ taken to mean that

.

the cyclopent&dféhyl ligand is a better electron donor in this

complex than the dithlocarbamate. . In support -of this the infrared
A‘(:«w 2
spectrum indicates that this uranium—cyclopentadienyl bond is more
41- "&‘ : : e
covalent than that dn other szUﬁderivatives (see lacer on). How-

ever in llght of the uncertainty of the structure this explanation

is tentative at. Best,‘gf”L - 5 : s ="

o . . s e o
; , '? 3 %
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TABLE XxXI11 O

SUMMARY OF THE INFRARED SPECTRA 2 OF SOME DITHIOCARBAMATE COMPLEXES

CpZU(dtc)éb U(dt:c)l'c \ U(dtc)l‘d Na(dtc)d Assignment
&3

3095w
2970m
zéébm.
14835 1490s 1494s 1478s v(C-N)
1451m
aaus 1428s 1430s 1412s

- lv4225 |
1377 1376s
1357m 1355s ’”\\5313573 1360m
1302m ®305m 13020 f
1268s 1264s , 1267s ‘ 1267s et . .
12075 1200s 12055 1210s "
11485 1140s & 1144s - 1135s
1095m 1085m 1087s’ - 1090m

. 1077m 10725 1074s

Y. 1065sh © 1060m 1062m 1068m
1017m - i " o : N
1012m Q _ | \ o 6(c3}) of Cp
99%0m 'y -983m. 99%6s 996sh J;' "
- ; 984sh ‘9905,. '

915m 913m . . 913s  “913s

% i . {Table contir}ixed)
AL

. SR v v et
, By
¢ b o . . "
. B . .
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c
from reference 99

from reference 100

\
Table XXXII continued ¥
. e .
: b c PRIr d d
- CpZU(dt:c)2 U(dtc)a zqiﬁgﬂftc)a Na(dtc) Assignment
N
915m 913m *" ~W13s 913s ‘
845m 840m " .842s 838s
805s g___ e Y(C-H) of Cp
' s R . A e
792s AN STl e - - By (caH) of Cp
, 3§
_ 19 !
a given in cm 1 "
¢
b mulls W
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The additional bands in the infrared spectrum at 3095, 2970,
2940, 1017 and/or 1012 805, and 792 cm -1 can be assigned to the
cyclopentadienyl ligand. The splittihg of the bands around 1000
and around 800 cm_l is an indicatioubof lower than CSv symm::ry for
these groups which is consistent with the structures previously

proposed. The trans "octahedral" structures. 12; is the least recon-
X

cilable with the above splitting of the bands but si7ée This would be

the flrst such structure, its infrared Spectrum is not readily es-

tablished. The band positiéns of the Y(C-H) modé» at 805 and 798 cm -1

are somewhat higher than tupbp qf the other Cp2U~de¥§yu;ives (e.g. about

780—790 cm -1 in szU(NEtZ)2 ands799ecm: 1n CpZU(tdt)) 1ﬁplying a
? :

somewhat more covilent uranium-cyclcﬁnﬁﬁad&eqyl Qggﬁq

The mass spectrum of CpZU(dtc)2 is summarized in Table XXXIII.

The expected moleiiéar lon was observed at m/e 664 while the base

peak of the spectrum was observed at m/e 599, CpU(dtc) . There
were always two weak peaks seen at m/e 747 and 682 belghging to
CpU(dtc) (2.1%) and U(dtc)3 (5.1%) respectively. These two peaks
- are probably a result of slight thermal decompositlon as borne out
by the relatively high abundance of the peaks at m/e 116 (SC NEt2 )
66 (CpH ), and 65 (Cp ). In support of this the two peaks at higher

mass, as well as the low mass peaks, increased,fysgbundance after a

sealed mass spectral sample was heated to 120°C then admitted to the

mass spectrometer.
g . ) 1
As mentioned previously the ~H-NMR spectrum of the complex
r\

exhibited two broad peaks at hlgh field which very closely\ﬂgsembled

a quartet and triplet. The observance of a quartet and triplet for

Ty
* - LIt BN

AT
BN



155

L . R
LR A y

Table XXXIII

‘
1

SUMMARY OF THE MASS SPECTRUM OF CpZU(dtt':)2

L4

RELATIVE PROPOSED

MASS ABUNDANCE ASSIGNMENTS
" (m/e) (%)
N v - + +
664 27.1 Cp,U(dee) , o
599 100 CpU(dtc)2+
P . ‘ +
521 ' 1§.1 : .[CpU(dtc)z—Hz—CSZJ
516 5.7 (Cp,Udte)”
451 5.7  cpu(dee)t
368 6.0 cp,u*
213 225 cps(s)chee,)*
. . X s
116 54,7 - SCNEt2+
88 39.1 SCN()ELT
86 . 34.9 ' CNEt2+ : ]
+
76 11.5,, cs,.*
* 2+ 4
66 47.8 CpH

65 23.0 Cp
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the ethyl group would be consistent with either the trans—octahedral
_‘8tructure or the one having two monodentate dithiocarbamate ligands.
However, for the cis-octahedral Structure, with a maximum C2 symmetry,
the methylene hydrogens are diastereotopic and should give rise to a
more complex resonance pattern, that of an ABX3 In the hope of |
resolving the question of molecularrgeometry, a variable temperature
H-NMR study was performed and the results are shown in ‘Figure 20.

Unfortunately as the temperature was lowered below about 20 - 25°c, 2?

£
-

the ethyl resonances broadened out and remained so down to ~-60°C
(though the cyclopentadienyl resonance remained sharp) so that no
useful information could be obtained from then. The_lOOPC spectrum

. appeared to be even simpler. However it must be said that such a

simple pattern does not exclude the cis~octahedral snructure since in

’-d,t*ansition metal dithiocarbamates so-called metal-centered

_Tearrangements 102,131 132 are fast "and could cause a deceptlvely

~
¥

simple spectrum. In fact in Cl Ti(dtc)z, which is known to be cig-

.

octahedral the limlting Spectrum could not be obtained even at low
temperatures implying very rapid rearrangement.
The variable temperature work nevertheless -brings out something

interesting. As mentioned before a charaé&bristic feature of the

. "

TR

NMR spectra of paramagnetic molecules is the temperature dependence
of the chemical shifts, A plot of the two chemical shifts of the !
ethyl group'versus 1/T is shown in*Fiéure 21, As can be seen in .the

figure the two lines cross. at about 357°K. Notice, too in Figure

20, that at 363°K a singlet was observed, Though this was an un-

expected result, itlis not unreasonable since such behavior is



363°K . . 304°K

I . 1 ' ] [
40 40 50 60 .

Figure 20. Variable temperatire 1H—NMR spectra of CpZU(dtc)z. - Chemical

shifts given in p.p.m. relative to internal cyclohexane.

157
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-4 4 1

24 3.0 . 40

‘3.1
10° x4 o)

Figure 21. A plot of the chemical shifts of szU(dtc)2 versus 1/T(°K).
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predicted for an A2B3 spin system as vA—vB approaches zero. 133

That is, at this particular temperature the chemical shift dif-
ference between the methylene anq methyl protons of the dithiocar-
bamate ligand is zero. Not unexpectedly, the signal for these protons
is indeed a singlet at this temperature, At Higher temperatures as
the chemical shift difference is becominé iarger the singlet separates

and, by 373°K the triplet and quartet pattern is again emerglng.

Howcver the order of the chemical shifts of the two multiplets 1s"
now reversed. The danger of reaching ha;ty conclusions from the NMk
spectrum of a paramaénetic molecule recordgd at one temperature is
clearly de;tnstrated by this éxample. |
CONCLUSIONS nov :

It hagtbgen shown‘thatAszU(vNEtzl)2 can bé:used as a starting
material for the preparation of szU—derivéfives. However, it h?s
also been shown that, unlike their titanium (IV) and molybdenum (IV)
counterparts, the szU—derivativeslshow ;‘mgrked t?ndéncy toward dis—
proportipnatién to tﬁe corresponding CpBU—derivative. Though this
research has not yielded the wide variety of CpéU—derivatives as
initially hoped, it has nonetheléss allowed us to see that in order
to minimize disproportionation certain factors are important 1. the
R group in Cp2UR2 compounds should be bulky, 2. chelate complexes
(i.e. when R2 is a chelate ligand) disproportionate very little com-
pared'to the non-chelated complexes; and 3. the stronger the tendency

4

of a chelated complex to dimerize the lower the tendency of that

complex to disprbportionate.

Finahgy 1f the dlsproportionatlon of the complexes is a result

% ‘
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7

of molecular associations (as postulated ih.this thesis), then it

would be predicted that an R group in Cp2UR2 which ig directly bonded

to the uranium through an atom which has no Lewis basic character ~
(e.g. tbe carbon atom of an alkyl or a transition metal) would be

stable toward disproportionation.



CHAPTER V -~ NMR OF ORGANOURANIUM (IV) COMPOUNDS
INTRODUCTION ' -

In the first four chapters of this thesis é variety of organo-
- uranium (1V) compouhds, together with a few examples of organothorium
(IV) compounds were reported. As e*pected for diémagnetic compiexes,
the NMR spectra of the tl . inm derivatives dispia§ sharp resonances
with well—resolved‘spin—spin couplings. Such features afe rare in
the NMR spect: f paramagnetic molecules which often exhibit very

broad rescnances (e.g. the width at half-height of the signal in the

134,135

1 ; :
H~-NMR spectrum of Cp2V is 2250 Hz ) where all coupling are

lost. Consequently the utility.of such NMR spectra for structurail
elucidations is virtually non-existent. However for complexes
containing uranium (I&B the above limitationsvdo not apply. Due to

a very short electronic relaxation time (see later on) the resonances
are sharp and indeed spin-spin couplings are usually observed. Hences

in the characterization of new uranium complexes, NMR spectroscopy

proved to be a very valuable tool. For example in the case of

-

U[N(i—Pr)z]é,.where satisfactory anaiyses could not be obtained, a

13

1
combination of the " H~ and ~~C-NMR spectra showed ~ther carbon-

or hydrogen-containing species to be present.
Besides its more limited use for structur: cions, the
NMR spectra of paramagnetic molecules,'by virtue of the varying sizes

andidirection of the observed chemical shifts can yield very usé?ul

Xf ’ : . 5.3".'
information about the electronic structure of the molecule, the amount

of delocalization of unpaired electron spiﬁ¥density Oﬁ'the attached -

e
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ligands, etc. For instance there is an ongoing discussion about f
42,47,48

orbital participation in the bonding of uranium complexes , N

and the amount of covalent character of the bond to uranium. Such

information can, in principle, be extracted from the NMR spectra,

The process, towever, is tedious, difficult, and requires among

other things magnetic susceptibility measurements and structural data.

P .
. -

Since this thesis is primarily synthetic in nature, a quan- .
titative treatment’ of the NMR data was not attemp¥ed., The purpose
Seet . ‘ .
. . 8 ’\\
of this chapter, therefore, is mainly to summarlzk the NMR data on
the systems reported in this thesis as a convenience to the reader.'
and to, whereever possible, give a qualitative discussion concerning

-

the origin of the observed chemical shifts.

GENERAL PRINCI PLES OF NMR SPECTRA
OF PARAMAGNETIC SAMPLES
Since only a qualitative descriptionﬂbf a feu © principles
A3

governing the NMR of paramagnetic compounds is given below, the *

-reader is referred to several articles and reviews for more

77,136-141

@

detail. (It should be noted for those who desire”to puruse

this topic further that the articles aqé‘{isted in what seems to be

the order of increasing sophistication except for reference 77 wh¥ch

.

would- fit in between r&fénences 138 and 139).

LINBWIDTHS AND RELAQATION :
/' j .

In the early 1950's it was thought that the NMR spectra -of

paramagnetic compounds w%gld be too extensively broadened to be of

_any value. 138 However, in 1957,*McConnell and Holm reported that

e i
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N the paramagnetic nickelocene, szNi, gavé a well-resolved (relatively

speaking) H NMR spectrum. ;42 Since that time there has been a‘ /'

&

large amount of interest generated in the study of paramagngxic x ;$

>

compounds by NMR. The line yidths ( at half-height) of the resonances

o

.,», o S
observed in the NMR spectra%'}

r,amagr%tic transition metal ,cdi'nplexés ’

vary greatly, from lines sQ that ehey are mere bumps in thegpase

o - 2N
line to regolvable peaksf(e g. Cp‘V@ias a. lino . 'th-of ZZSOHH 134’135)
to very sdiéb resonances (&: g. 3*5 Hz i43).’ On the othﬁr hand the ¥ .
.&H-NMR speétfa of organolanthanide complexes (e. g . Cp Lﬁ» have, on'’ o 9
the whole, sharper” resonances (frém 3 to 300*& "tk . those of - R

transition metal complexes while organouranium cgmpouggs havé even
n . Q N . .
sharper resonances (Table XXXIV)

f ! M“" . - ’ & "“‘ .
NME spectrum of a pal amagnetic molecule the moletule m’%c have a ‘(ﬂ

N W, ;
very short electronic rélaxation‘time; Tle' 77’136’141- TJ‘Lnder- RN g
— s . , )

~

It is well—knoi;fthat for the appearance of sharp lines in an*ﬁf

stand this consider the following argument whloh fothhe 'sake of
- “r o =z >

simp11c1ty, are based on the presence of only one unpalred electron

a . o <

in an f orbital In the presence of a strong external magnetlc
B field a pair of energy levels 1s generated ‘the lower energy level

corresponds to the allgnment of the magnetlc moment of the electron

;
‘\ .
LAR N 5 B}

with the field while the hlgher energy level corresponds to the ' .

moment being allgned agalnst the fleld Once the system has attained -

thermal equllibrium there is a certain probability that each level

will be' populated 144 In the NMR exper1ment tran31t10ns occur

between certain.@uclear levels. The-process of the return of the

[

. o e oo £y ; )
_nuclear spin (after excitation) to its ground state is tH relaxation

R ¥
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LINE WIDTWS'OF'CYCLOPENTADIEpYL-URANI%EK(IV)‘COMPOUNDS"" o ‘*
. ..‘ N . Lo L L- . )
. .

‘CpBU(SR' ) 2-3
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TABLE XXXIV _ . o~

BT, eI

' éompound

Reference .

Width g 4

w
i

(Hz).

'Cp3U(BH4)Ai§§ GG T T I

Cp U | : Lo b

Cp,U(halide) 1.1-3,247 | b”

r

Cp,U(NR,) 3 . c

Lo o . - Y oA
CpZU(N' " B T PR
- Cp,U(SR),, - 2-3 - = \9:44/’
CpéU(dtic)z 3 . s rh .
, .:" . o d - K »
,°Cp2U(dtt)2n¢ ¢’ 3-6 a2 ) L T
- LI . . g" e : g L &
" ’ ‘ A - . M ' . v o
, O ' . D R T
4 § s » &
L ‘ ’
. - . _ \ﬁlx' 9
® lipe width at half-height = = LoE : §J§?ﬁ
[ s LY R . . - - ' - .
from re’erence 48 - .
. . ) £
€ this worfk - o
d'ffom variable temperature studies ) .
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process. - .The factor which is most important 1in parnmagnetie complexes

for the return of the nuclear spin to its® round state is the s in—'
p g P _

\

lattice relaxation mechapism. Now if the elec;ronic relaxation time
- - 0 .
“is very short,thcre is a very rapid rate of transfer of spin between

electronic energy levels which. produces a very rapidly fluctuatlng

magnetic field. However, the exc1ted nucleaf spin cannot’ couple
L3

: with such a rﬁpldly fluctuating magnetic field and thus\it is d&erlved

o of an addltlonal pach for relaxatlon 77, l?g Iki Hence in the .

’ absencq of this extra pptentlal relaxation process, the nucléus

-

d,l neg,rly norma,l wpin relaxatlon %me (‘i,e a relathely

sho&

¢ oy , . . .
. J " \*' A . 3
long—lldgh"eﬂC1t§5 stlte) If the excited nuclear staze‘is relatlvely

- I )

‘ﬁghg~liVed E&‘ ,*if ﬂt is large) then on the bas1s of the Helsenbery
l S

4‘”,

ﬁuncerta1ﬂt9 pfﬁpd&plc AtAE = h/2ﬂ the uncertalnty in the energys, 5

dlgferences betwee ihe nuclear states is small; only a narrow_range'

» : “
J - . .
equenc1es w1ll induce nuclear. transitlons and sharp lines-are

B ‘%f fr

" a*a" ®

OPICjHIE,TS " , e S

« N N

1

unpaired elect on 1s\placed in a magnetlc field two energy levels

’

‘are proddﬁea and there is a certaln probablllty that each level w1ll

be populate¢. %ﬂa If one would have a static system (i.e. a slow
“rate of exchange of Spln between electronic States), then a ﬁucleus
N o .
.
- of spin l72”cdﬁld cduple with each. electron producing two réﬁbnances

whose separathﬁ‘would correspond to the value of the hyperflne ‘ .

coupllng cgnstant A, 77,138, l¢4 .However, the peaks would be too

s

' hroad {olbe.obSeﬂggzikcf. the uncertainty pr1nc1ple above). . Instead,

T I ‘
"__ o | 166

«~ As mentloaewbﬁve when a paramagnetlc sample ;c_'c/)ntain_lng one &."mlﬂ
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a siggle" peak 1s seen which is shifted, either upfield Qr"downfield
’¢ 0. % N ‘! s“‘u
fr6m its normal position. This results frquthe fact that the, ?
2 . .

nucleus experiences some kirnd of weighted average field produced by

- the rapidly fluctuating magnetlc field of electron spin exchange and
8
the signal is shifted in dne direction.

/ q

:,' This shift fme the normal position is most commonly referred to , ;

°

is

s -

;duwwas the isotropic shoft ) o’ since it is an average of all possible

oy

~?Q q:ientag:ons of the ﬁolecule with respect to- the applied field
. “

e two contributions to this hhift the qontact and pseudo— )

s v .q" . o’ ' . i
A contabt contributions ‘ﬂguatiogzﬂ l) CL .7 et
. & : »
. 9 . T a& i & L 3 w‘ '
H ¢ A ' N L . ~a . ‘ .
. *b = - 5180\*)* ch; (SD L o L V-1 L 9
L ?‘ ‘ & : v ‘ ‘ ,° o | . . A ‘;&'.; -Q . , .
£ & % @
The conCacC sh1ft is a measure of the amouatxaﬁuunpaired electr .
&‘7 . oo ; 'a
, spin density that has been transferred'to a given nucleus (i. e K
N amount that comesl‘;n contact % the.nuc=leus) This unpaired . ‘ !
. . v

eleogfon spin dens1ty is transferred in Varlous ways through bonds

k] Y

the paramagnetlc ion to the nucleus. There is in turn a certain

-

R . ) ) M ’
G probabiIity of f1nd1ng the unpalred electr@n at a given*nucleus .
(i €. the square of the wavh funé&&ons at the nutleus) Wthh wan* be fi
Q“ w M . .
: % e . .
Py derived,from the congagt shlft (equhtion V-2) 146, T A
. 2fA, (g - 2) DJ : o RS S oL B
T Mg N

9¢ kT
R . ( l'.‘
'~ Hence that fraction of the electron spin density found at a-given '

nucleus (1 e. the probability) can be envisioned as also generating

* ' ' . & ) . .
Definitions for the symbols utilized in equations V-2 and\V—3 )

are to be found in reference 146, : ‘ . ~ : o

———rt -
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an additional magnetic field in the immediate vici&ity of the nucleus

which tauses the contact shift to occur,

SN sndent | : " cf,l‘i'én\mnglex and* can be,in operation
S - 77
only if there is magnetic anisotrdpy., A common ge;qral -equation to

express the pseudo-contact shift is (equation V—3) 46

8y - ﬂ’m-—g___)(_:uos‘ﬁjl) e tleh b :
T TR 3ei s gJ)ArJ v-3

'S - ? " ’
: : = , . - ..

"The origin of this shift is /seen if one con31ders (for sake of
simplicity) “fhe unpaired elecbron(s) of dﬁakmolecule to be centered
'mainlgipn the paramagnetic metai Thghﬁresence of an external

"‘ v
¢
field causes the unpaired el ctron(s) to generate a magnetic field

centered around Ehe metal atom. The amount of through space inter- o

[ X
action, then between the llnes af flax of thls agﬁitional magnetic
»

field and another d!’netic nucleus in the molecule will depend - upon
1) theﬁﬁlstance of the magnetic nﬁ%leus from the metal, r; and 2)

the angle, 0, between Raand the priqpipal axis of the molecule,

(assum1ng~at least axial. symmetry) . . ’ ' T %ﬁ?

SEPARATION OF CONTACT AND PSEUDO CONTACT SHIFTS

The total isotropic Shlft 6i503 is the sum of the contact'

shift,_éc, and the pseudo-contact shift GD’ 77’136 141 as in .7
L2 - - ‘ )
equation V—l;~L Hence in. order to gain any’ in51ght 1nto the . f' T
5 ‘- v hER ru\; w . -
¢  IEithe 1. e
electronic structure of the moleoule oggﬂpnﬁé" é&& IE the LA g

- molecule in question has strict spherical 5 - try (. e, Td or 0h !

symmetry), at the limit of D = 0 (no zero field splitting) the

>

" pseudo- contact shift vanishes since g,‘ =”§1.22'SUCH cases (EQuation
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Ly

V-3) and the isotropic and contact shifts are the same.

However in compounds where this is not the case, the separation
is much more complicated. The resulﬂ% of variable temperature magnetic
susceptibility studies and structural determination (sometimes

reasonable estimates of molecular paramaters will suffice) must be

available. The pseudo contact shift' is calculated and then
sub&racted from the isotropic shift to give the contact shift. After
¥ . the electron den51ty at each nucleus ﬂas been fouhd molecular orbital

calculations are usually performed until one can match the calculated

and experimedtal electron densities. .
o . b EY " ’ N ..‘ﬂ\ ‘
= . S
0.t : RESULTS AND DISCUAS‘_SFION‘:'Q;‘ LT i
” ‘U' . u/[ ) } ]
NMR SPECTRA ' « . . ‘

g 5 $ . .”" "y . .
. ) Only-recently has 13C NMR spectroscopy been- applled to para—

-

magnetic SYStehs, 145 To date the publlsheq 1nterpretatlons of the

-" .
13
CrNMR spectra of paramagnetlc compounds. are more suspect than

e
<) those of }H—NMR spectra due to the more. compllqatéd origins of l3G—NMR
\‘ .

* shifts (e.g. ud‘hlred\spln/densi;y in llgand P orbltals can con-
MRS A <
tribute to the dipolar shift) and the assumptlons that have”been K

145 P “

4

employed in thelr 1nterprql/21ons.4

\
. As a result the purpose of thls sectlonfgglnly is to sudﬁarlze

\
the 13C NMR data glven in thlS thesis (Table XXXV ) 'The spéctra
: I 4

were all recorded in C.D w1th the solvent being used as au-internal
s w3 66 r '

, gﬁﬂw _ ’ . ) o . _
*  reference (s ). " For the sake of .comparison these chemical shifts

BEN
were converted to the TMS scale (GTMS) by the equation .

\

B

<

&
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- Sos = 128.7 \- GBEN . e

. where 128 7 is taken to be the chemical shﬂ?‘ of beuzene rei?tive . :
agt® .
to TMS. Therefore a negatiﬁﬁk’hlue of ﬁTMS,$efers to a shift up-

- field, from TMS.
&

There was on‘Qﬂyin dlfference observedbbetween the coupled

~ LN

‘1
' 3 —NMR spectra of diamagnetic and paramagnetlc systems: long- .-

7

' 2 ) f! 3
range "’ coupling constants, - Jlé T werejo 'erved in the spectra of
3, 9 il Iy
- 3 ‘(,.-.‘ C_H .

vthe dlamagnee&c compounds but now in the spectra of the corres- 5

W o

pondlng uranium compounds ~ The coupled QrNMR spectrum of S

L) ?

Hf(NEt2 2 (Flgure ll Chapter I11) exhlblted a doublet for th
cyclopentadienyl Iigand which was spli&zinto a qulntet‘” Slnce no oy
y ]iy-zaﬁge coupling was seen for the amldo llgand the pentet structure
Oy 1] 13
arlses from long—range H and C coupllng within the cyclopenta—

dienyl ring with“acc1dental equality of the two, 2 13 l , and three

3. 13
bond , Jl3 rﬁ} coupllng constants. The Cc- NMR spectrum Of'S \-

(
szU(NEtz)z (Figure 10, Chap..er 111) exhlblcegQ only th‘éyexpected g

doublet for the/cyclopentadlenyl llgadg Simllarly the coupled 5.
13 )

4 - ““C-NMR spectruim of.Th[N(l—Pr)z]4 (Figure-Z, Chapter II) showed a ;

doublet of "septetswfor tﬁe‘hethyne carbon and'a‘quartet'of approximate
= 4 N 2, ) ‘ "3 . L ,
quinteg; for the.uﬁthyl carbon while the C“NHR‘spectrum of / Z

.

UIN(i- Pr)2]4 (Flgure 3 Chagxer II) showed the expected quartqd\and

doublet The doublet qfseptetsar\ses of course, as a result of
K ﬁ‘; - '
the methyne carbon coupling with the six methyl protons. To '
explain the observance of a quartet of approximate pentets it is
' . R e ' .

necessary that a one methyl carbon cauple with the methyue proton

[ e
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TABLE XXXV
SUMMARY OF THE "C-NMR SPECTRA ® REPORTED IN TWA JUESIS &5
COYPOUND - CHEMICAL SHIFT o
agrounD . S
- Cp CH CH " CH = OTHER
e _ 3 2 . ‘
[P . . R T
' ThfNE-F) A, - 27.3,q° - 46.3,d
. ‘ A : -
S J=124% - J=124 - ,
SN e 2.3 . 2 <
o S e L5y J= J=4 w - J=4 -
. '\"ﬁ - ' ’ (‘ N "
PR T - .
_ S Lt g ,
UING-PD) 00 0 =0 340, 9 ¥- -108.1 -
I ; A ;\. v, s ‘ . . . )
y ” e . T 124 . - oI .
3 ‘.j": ’ ) ‘- ‘ y ' ) - d P Vs . o ‘%‘
TG, B(NEE, )y S A25.1,d 59.5,9  5120.4,5 -2 -
& q v '.‘:‘v L S v MR 1l . . . “ ,4‘ o v . - ‘ = \
Lo e U Jeel6l. 3 =125 3 =129 . S -
. | | B : ¢
' CpHE(NEE,),  -109.8,d 16.5,q 48,9t - =
| L .J=170 .3=124 3 =130 - - ‘
R T LI ij* ‘
{2 - B , S
\ R
Cp,U(dte),  301.4,d° 6.0, 52.5,¢ - 68.5,s .
Ye. ! . :
CpZU(Tbt)Z T 260.4,d  59.3,4 . - - "3k9:2’§, }
* ro J =1’ g =12 - - - 0
. -/ , .
v, N /v\ '] ’ [
a . = ' ' . s e
coup¥ed spectra given in p?%.m, relative to TMS; a negative - - .
shift is a shift upfield from TMS = ,‘ )
b See Table XXXIII .
. ¢ Jl3 -~ given in Hz v o : s,
“C-H

off-resonance spectrum

"t ‘
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(1.e. 2J13 ), that it also couple with the protons of the other
. C-H
methyl groupi(i.e. 3J13 ), and that the two coupling constants
v C~-H
are’equal (i.k. 2J13 =. 3Jl3 ).
¥ C-H . C-H

Discussions relating to the qualitative contributions of contact

and pseudo-contact shifts will be incorporated in the following

1 ~ =
section on the ~H-NMR spectra. Q

Mg
lH—.NMR SPECTRA

Table XXXX summarizes the lH NMR spectra of" the compounds

. reported 1n this thesis while Table XXXVI lists several &sotropic 5

1%

shifts.” In the discussions to follow”the isotropic shift#fé'séﬁ is

=Y

taken to be the chemlcal shlft”oi tlﬁ&branium compound dU’ less thﬁt &
A . -“, - 4 " o " k@‘ -

W of its diamagnetic’ reference 6 or 6 141.' When calculatlng e
Th Hf . g o 'y .

1sotrop1c shifts it is best to have a dlamagnetic reference which !!n '
: L .
is as similar as p0551b1e to the paramagnetic sample (e -8 »

thorium (IV) compound would be the best reference for its uranlum
(IV) analog.) However, the chemical shift differences between PR
1 - /l

p0531ble diamagnetic references are, usually much smaller than the

oﬁnﬁpic Shlft so that the absence of the best diamagnetlc referepce

v [ ] mnd )
# .
J‘lS noﬁéa cr1t1cal poAnt. /)- : - L L -
: R 3{4 "(} : A -
1. Ietraklsamld r ' = ’ .

/

l

The Th[éé; Pr)Zlﬁ; UIN(i- {’r)2 4,&¥h[N(C H5)2]4’ and U[N(C )2]4

_comp}exes ar wengTnted for qualltatlvb dlscuss1ons concernlng

r . ‘v
the orlgin of thelr shifts since the compounds are all four-coor-

dlnated w1thd§ local Td symmetry,for the/MN4 framework. With such a-

high molecular symmetry it would be anticipated that the pseudocontact

\

=
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Table XXXVI contin@ed ‘ : a

? relative to internal benzene; negative shift is a downfield shift
s = singlet; d = doublet;‘t = triplet; q = quartét; sp = septet;

br = broad

o= ortho; m = meta;uﬁ = para [ 20

d positions not determined (see Chapter IV) o . i‘ -

.

(o
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Jcontributibn to the isotropic 'shift would vanish 77,136-141 at the limit

: D’ = 0, since g_L= gll for Td symmetry. Whether this is the case for
the above complexes or not can be tested hy the following considerations.
Since amides'are good O~ and T-donor ligands and have no low

) lying empty orbitals,-‘the delocalization of unpaired spin de?:.l“ty
from‘the"' metal onto the amide .m‘t_x.st,i"occur through the ligan;g{o—
framework,. ‘In' egclx cases" the mechaniem for\the del.ocaliz‘,i_

- AR

s+, spin de"nsi‘t'y involves the transfer of electron density fr .
v )

.
[k

@Bn of

il
‘llgand (&,e.{,} 2) to partlally filled metal orbltals 8, %bably

. *y [ -4
to the f ol‘f‘f;i &15 for uranium. Hund's rule requlres th¢>i thlS be
4

done parallﬁw’% the spln & uranium thereby 1eav1ng unpalred spin

wﬁ' o ehe 11gand ‘As, a’ result if only the contact

w:v-.‘ t pn .

i TR
[ ,
- NR —————}U =¥53NR2 s

Ny . ‘e

mechanism is. in ‘operation, the unpalred spin denslty is expected to

. fall off rather rap%ith an increasing number of bond¥ sep-
R BN . o

7 aratlng the gnetikt fiucleus in‘questidn fro'm the paramagnetic metal

atom. It would also be expected that the-

. L . . ' ~ . .
be in the same éﬂirectlon. " Hence the observance of isotropfc shifts
A T . » ’ v -

. Tt : . -
* for U[N(i—'Pr) ] (Table XXXVII) of ~1.27 p.p.m. (downfield) for” the

M -~
«

, s
p methyne protbns and 1.37 p- #’m (upfleld) \for the me,thyl pro{‘\is
- - L
together with an 1sotrop1c Shlft of 6. 7 p. p m. (downfleld) for the
k| & . .,
methyl carbon and -154.4%p.p.m: for t:he me‘thyne carbon, rules out .

<
Y

thi p0551b111ty of only thefcontact mechan’me belng in 0perat10n. ' .

-, . e .
It can also be seen from Table XXXVvIl%hat the isotropi(‘:‘ﬁ-‘:

: oy
shifts (which are presumadbly the same as the contact shifts) of N

.'ortho, mcta, and para protons of U[N(CBHNS);Z]4 are 8.32, 2.30, and

¢
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TABLE XXXVII
™

ISOTROPIq SHIFTS OF ORGANOURANIUM COMPOUNDS

. FORMULA NUCLEUS R '@
| ! 1 |
M(NR,), H  i-Pr .
CeHs ' 3¢ . »
® : - » . o
0.0 v 2,30 2.30 e
+ “ K .Y
- 0.0 442 Y 442 L
% L% . edtpr o 27.3 - .0 . 67 S
4 Co R 46.3 -108.1 7 -154.4 o
N Ay - 1 e e e e T
Cp,M{NR, I 3* i Et 1.02° 20.94 19.92 i
L 6.17. .570. - =047 '
‘ g &, - Ay .
N 412 v L4 ~5.66
¢ ¥, ' . M “
‘ e Bt ,100.8% 7 1250 15,3
@ 16.5 9.5 43.0
. ‘ : »

b ' y o Y ) L
methyl position given fir#t then mgthynE pdsition v
c e L , L .. )
-~ ortho position’given first, then meta position, then-para position
: i i ) P s ) .

due to closeness ofvTh[N(C6HSjé]4,pfoton5't§ tﬁé :esidual'protons

’ ~ of C6H6 positions are takip a 0.0 (Chaptér 11)
€ Cp protons givén first, then methyl position, then methygéné position
f t N N 1‘;1 ;.43 . '

Fpénf(NEtz)z used instead of CPZIh(Niti)Z

i

E T &
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‘ .\ ‘ 4
4.42 p.p.m., respectively. It can be seen from the following -

resonance structures that the positive spin density can bﬁisihns—

ferred from the metal to the nitrogen, and to both th? Orquo and

VN —u- N—@

oy
by

A N- @e—w N—Q<—>u -N= C}
L : ¥
: A pa?eépositlons. HOWever theré is no srmplevstructure which aan_beﬁy
#g ‘ wr;tten which placgs positive‘spin density onto‘the ta p051t10q;:
o lT;ls is taken to ﬂsan that this position should only experlence f -'- e

pegative Spin density as ‘a result of :\e\sontact mechanism. Hence

theobservation of a positive'isotropic shid for all the aromatic
. S e ¥ ; .

protonsmindicates that,'like the U[N(i-Pr)-] complex, the U[N(C H ) ]
. - N3 ‘) . ~ &
hé complex must also be experienc1ng some amount of pseudo contact « :

sy
\

* contrlbution to the ‘total isotropic Shlft. C IS @

Deviations from what would be expected for the contact mechan1sm
- - = .
~ Y

clearly indla tes ‘that the pseudo~contact contrlbutlons in the abov&

tegrakisamldes are most llkelg due to elther a symmetry whlch is o

<
[N

a .
1ess than T (D # OL a mix1ng of'ibw-lying excitsd states through
spln—orblt coupllng, or a comblnatlon of both ' The usual treatment

ke

of such systems is’ to assume that the free 1on 3H4 ground state of

uranium (Iy), an f2 system, is Spllt by a- tetrahedral crystal field

giv1ng rise to a low—lylng trlgly degenerate T2 state and a higher

13
-"Aé state, and that the separation between the crystal field levels

- 1is much smaller than the separatlon between free ion states‘7 35, 36 146
4 * ‘\‘.
Even if this* Eype of treatment would be applicable to the tetrakis_
e
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g
amides, 1t would not be surpriging that pscudo-contact contribution
cogld aldd be present since Horrockshas shown that magnetic anisot-
ropy (which must be present for pseudo-contact shifts to arise) is
S
expected to be largest for complexes derived from T ground states

~

as a résulf of spin-orbit coupling which reduces the degencracy -
of the ground state. 147 |
2. Bi%cycloﬁentadienyiﬂis(diethylaﬁide)uranium (1Vv)
In calculatjﬁg.the‘isofropiz shifts‘éor szU(NEtz)é (Table
XXXVII), the resonances prcviouély assigned to szTh(NEtz)é.(Chaptef
111) were used.for~the prqton‘shifté whi}e the resonances of .
szHf(NEtz)2 were used to calculate the carb;h\shifts since
szTh(NEtz)Z.could not be isolated pure.’
; ‘The isotropic shifts of CpZI;(NEtZ)2 at first glancg wou}d tend »
tg cause one to think tha£ contact contributions were dominant since

the isotropic shifts of the methyl uieup are much smaller than those *

of the methylene gréup. However the carbon isotropic shifts are in - .
égpqsite directions which tends to négate this idea. As a result of
low molecular symmetry of szU(NEtz)z\(i.e. sz) undoubtedly pseuQOvT
contact contributions to the isotroéic shift are important. | o
3.. Triscyclopentadienyl Derivatives
A summary of the lH—NMR spéétra of representative C§3UR
deriyativ:7@%jgiven in ?able XXXV;II. It should be noted that there
is an apparent discrepancy between the reported value of the chemical
/shift of Cp3UCl and that.bbservbd in this work. Presumably the
difference is a result of the spectra being recdrded at different

t

temperatures. It can be seev'from_Table XXXVIII that the cyclo-

(
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pentadienyl position ig relatively constant for the halide and
alkyl dcrivﬁt]vos. However, a” varied cyclbpentadienyl fpsonnnco is

’ -
seen for the alkoxide thiolate and amide derivatives.

Therc have been three reported attempts of separating the
contact and psvudo—contdctcontrihuLlonb to the isotr0p1c shift which

, . 7,150,151
seem to bo relevant to the present discussion, °? i The

geometric factors for the Cp3U—m0ioty have been calculated by von Ammon,
et al. and a contact shift of 17.6 p.p.m. has been calculated for

1 .
the cyclopentadienyl ring in the CpBUOR system, 8 while Marks, et al.

have calculated a contact shift of approximately 28 p.p.m. ianuz

Cp3U(alkyl) system, / From Table XXivll'it can be seen that the

alkoxy shifts are to low fields while those of the ethanethiolate

v

are to high field and that the cyclopentadienyl resonances are quite
different. It is interesting to note that bogh thc protong ‘of the,
cyclopentddlenyl and of the thiolate ligands are compérablc to those'

observed in-the related-Cp "R complexes. - Phe changeq obqerved in
‘

the cyclbpentadlenyl resonance on going from Cp\UOR to Cp USR were

rathet surprlslng since the overall geometry and structure of an

aikoxlde and its corrGSponding thiolate derivative would be expected
to be quipe similer._‘ a result it would be expeeted that the
geometrig factors for the Cp3UOR and Cp3USR (and hence’ the mag- ’
nltudq of ¢heir pseudo contact shifts) should be quite simiiar The
most‘reasooable explanatlon for these changes is that the 51gn of

the magnetlc anisotropy (equatlon V 3) ‘has changed Wthh would‘ceuse

» "

shifts of opposite dir. :ions. It should be noted ‘that similar
arguments have been presented in the dls!u531on of Cp3UR derivatiVes.7

2

; . .



Cl

Br

Me

"t-Bu

Cz(.bH5

BH
OMe
OEt
SMe
SEt
NMe

NEt

a . ) . .
given 1in p.p.m. relative to internal benzene; a

bl

SUMMARY OF

Chiemienl

Cp

12.

9.
10.

9.
10.
10.
11.

9.
13.
24,
. 25.
11.

11.

18.

this werk

¢ methyl'signal was not recorded (See Chapter IV)'

A\

57
36

79

98

77

80

80

.28

86

downfi~1d shift

TABLE XXXVIII

TH: 1H—NMR SPECTRA OF Cp3UR

shife @

R

202.0 . °
3.2 ]

4,65 (m), 14.7(p)
67.2
~45.4
=9.6 (CHy), -51.8 (CH,)
d
26.12 (CHy), 46.05 (CH,)
-3.81 ‘

. 78,40 (CHy), 6.40 (CH,)

.

J

-~

DERIVATIVES

Reference Number

15

15

15

15

16
17

17

negative shift is

180
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However further study, such as structural determinations, magnetic
, N ~ . , :}‘ .

susceptibilities, and calculations, will have to be done before a N

clear picture is obtained. .
L]
. h

‘

The Cp3U(NR2)'derivaLives are indécg most intcrosting. It can
be seen from Table XXXVIil that the replacement of a hydrogen by‘a
methyl group has resulted in an inversion of the obServed‘vhemicaL
shift (i.e. from -3.81 p.p.m. in Cp3U(NM02) to 8.40 p.p.m. 1in
CpBU(NEtz)). Such a behavior is usual® taken as an indication of
large c?ntact contributions Lo the observed chemical shifrs. 35,141 -
This possibility can immed;ately be dismissed Gy the observation that
the methylonéﬂprotons in Cp3U(NHt2) have also undergone a change in.
the direction of their chemical shift as compared to CpBU(NMez).
Without a doubt the contact contribution at this position isvneariy
the same in Cp3U(NMe2) and in Cp3U(NEt2). The aifference in the
direction of the shift must thercfore be traced to the pseudo—cdntéct
shift. 1In Cp3U(NMez) the methyl protons are most probably fFee to
rotate about the nitrogen-carbon bond so that the geometric factor
will be an average ofiall the possible éonforﬁers. However ip
Cp3U(th2) the presence of a methyl group in place of a hydrogen
will cause some conformational preference. As a result the geometric

factors of the methyl and the remaining methylene groups could be

rather different from that of the mqﬂkyl protOns in Cp3U(NML ) and

A

produce the unexpected results - mentloned above.

4. Temperature Dependence

L

’

It was shown in the previous chapter that the lH—NMR spectrum of

,CpZU(citc)2 (Figure 20) varied considerablxbwith_temperature both in

y ot
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appearance and in chemical shifts. Plots of 1/T versus‘the° -
. N : . 4 :
- ‘ - A

chemical shift ylelded straight Iines (Figure 21) showing that near

Curie bechavior was secn -over the temperature range.studied.

.
-
.

L] - .
° Vo .

» .

T
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’ " T CONCLUSTION-S -

The lHe and 13

C—NM% speétré of o¥ganoactinidé cémpléxes on the
whole sho; very sharp r;sonqnces with spinvséin_céupLihgs even -though
a paramagnetic metal is present. HQwéver; the anal?éis of these
spectré is only in. #ts infancy'and-béforé much information canvbe
extracted from\theée very‘interesti;g,‘yct very complicated, syssems
more physical and theoregical studies will have Eo be perfqrmed. It
is hoped th;t more theoretically ofiegted chcﬁists than my%elf will
’becomg5quf{ipieht1y“interestéd in thése and relatedx;y;tgmégfo- H

/IR Y
.attempt their solutions.

’ - b L



4 " CHAPTER VI - EXPERIMENTAL

N -

TE.Ci{NI'(\LlJ'ESL PROCEDURES, ETC. '

i

GENERAL -
- -

. . 7 .
In general the organcactinides studied here were ektébmely air-
and moisture-sensitive, decomposig§ instantly upon contact with air.

'As a result oxygen and moisture wdre rigorously excluded from all

qperationé by working under either vacuum or an atmosphere of puri-

fied nitrogen. ) - .

All reactions were carried out in Schlenk-type apparatus 1524154

attached to a double manifold where one manifold was for vacuum and

one for nitrogen. The - two manifolds were connected with a thrge-wéy .

.

stopcock thus-allowing a given pLecg'df apparatus to either be evac-

uated or filled with nitrogen from the same stopcock. This alloys

complete elimination of air froﬁ the éppafatus, including‘the amount
) -

contained in the vacuum tubing‘conﬁgcping the .@pparatus ta the double

~
n

manifold, by suCcessivel&’evacQa;;ng andﬂgefilliﬁg with nitrogen. The
. . . . \ .

vacuun manifold was routinely oggratedfét a pressure below 0.025 mm °

Héﬁ " The nitrogen (aé;;8§1matcly 9977Z)t qbich was purified before
admission to tﬁe ﬁanifold, was firéﬁ deoxygenated by passing it throﬁgh
~.a caluﬁn containing hot (approxfﬁately~90—100bC), activated BASF
Ca—basgd catalyét (R3—ll), and then dried by passing it through a col-

umn containing Aquasorb (Mahlink:odt).
o . ” & . .
Solvents were dried by both reflexing and distilling from-the
. W : :
appropriate drying apent under an atmosphere of nitrogen (Table XXXIX)

-

184
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TABLE XXXIX

DRYING AGENTS USED.FOR SOLVFNTS

- .

Solvent

‘ Di\et\lyl ether
Tetrahydrofuran
1?2—Diméfhoxyethane
Benzene

Toluene

-Pentane

Hexanes

Carbon disulphide

/

Drying Agent

Sodium-potassium alloy
(155 welght ratio)‘

Sodium-potassium alloy ,

Calcium hydride

Potassium metal (

Sodium metal

Calcium hydride

' Sodium-potassium alloy

[y

Phosphorus pentoxide
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~

In the earlier stages of this work each freshly distilled'solvent w;&\'
transferred to a three-neck flask and‘subjccfed to three freeze-thaw
degassing cycles. However in the iater stages all solvents ﬁgxcept
diethyl ether) were used directly from the stills via syringe tech-
niduei This could be done after the nitrogen on the stills was puri-
fied as previously described.

With the exceptions of 2,2'- C12H8Br2, 2,2 C12F8Br2, KZCOT,

e
o~(OH)C6H4(SH) Hf (NEt )4, and those compounds whose preparations are

described here,. all reagants .were cormmercially available. 2,2'-
*

dibromobiphenyl (2,2'—C12HéBr2) was prepared by the method of‘Gilman

"and Gaj4 while 2,2' ~dibromooctafluorobiphenyl (2 2! C F8Br2) was

4

156
prepared by tke method of Massey, et g;J N o-Mercaptophenol (omp)

was prepared according to U.S. Patent No. 3,468 »961 with the permis-

gion of Hooker Chemical Corp. by‘Mr Joel Martin who k1ndly provided

a sample and who also kimily provided a sample of Hf(NEtZ)4 which

waS~prepared by the method of Chandra-gqn Lappert.56 . A solution of -
KZCOT in THF was prepared by the method of Katz, gt élJlS7 by Mr,
Albert Masino who gracious}y‘supplied a S%EQJE-

Each thiol used was stirred at 0% with a small amount of

]

LiAlHA until the violent reaction subsided. The thiol was then

fractionally distilied and 4tored under nifrogen Diethylamine wag

distilled from potassium and stored over molecular sieves, dimethyl—
amine was passed through a column containing KOH pellets before” use,

diphenylamine was fteshly sublimed before use, and diisopropylamine
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-

~

. . . |
was distilled hefore use. Catechol and 4-methylcatechol werm‘sublimed

\

All glassware used was dried before use either by sittig} in an

before usc and stored under nitrogen.

oven (110 C) for at least fifteen minutes or by flaming- out with a
heat gun. The hot glassware was immediately‘evacuated then filled
with nitrogén beéore any operations wefc‘donel

Syringes ware‘QSed quitc ofteq in the transfer of solvents and = .
alr-sensitive solutions. Whenever pogsible syringes with a Luer
lock (American Hospitai Subply) igré used. Two precautions were
aiways taken to minimize the co;tact of solvents and/or solutions
with air: the syringe was "wetted" with the solvent to be used tﬂen
"flushed' with nitrogen. Thé "wetting" was done:by'drawing_the
appropriate solvent into the syringe then siowly diséharging the
sblvent. Afsolvent seal'is formed betweeﬁ the barge% and the syringe
thereby cutting down the amount of air that can come in contact with
the solvent (or solution). By eQefcising ca;e, the solvent seal-can
glwayé\be maintained. One may ""flush" a ;§ringe with nitrogen by
draQing nitrogen into the "wetted" syriﬁge and die#harging’ the gas
into the air. This "flushing" process was routinely repeated four
more times. Having taken these two precautiéns, solutions which

were instantly decomposed upon contact with air could be transferred

in a syringe with no apparent decomposLtion ' f:z

-

It should be noted that most of the time this technique was

unsatisfactory when dissolving organocactinides in diethylether.
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Sgluglphs of QF oaccinides in ether decomposed much faster than in

I

14

\- ALY \::_
other\gpolvents. ‘“\J )
LN - \* . S
- ) Y . 2 !
N The™ volatility and non-wetting nature of ether makes a solvent -

seal in the syrinée muéh more difficult to maiptain. As a result »
air is more readily accessible to the solutionAand a much faster
rate of decomposition is seen. So instead o% using a syringc with
ether, the freshly distilled solvent was transferred to a three-neck
flask, repeatedly Ereeie—thaw degassgd, then trap-to-~trap distilled

onto the solid to be dissolved. In some cases this added precaution

\

produced good results. |

4

~

lH—NMk Spectra were recorded on either a Varian HA-100 or A-60
spectrometer. ‘13C-NMR spectra were recorded on a Bruker HFX-90
spectrometer operating under the Fourier transform mode. All deuper—
atéd solvents were repeatedly freeze-thaw degassed in a Schlenk tube
and stored over molecular sieves. For 1H—NMR samples, serum stoppered
NMR tubes (Wilmad) were u§ed while ftandard 10 mm NMR tubes_(Wilmad)

.jfitted with a #36 serum stopper (Fischer Scientific) were used for

13C—NMR samples. The #36 serum stopper fits snuggly over the top of

A the 10 mm_tube. Once stoppered, each hot NMR tube was attached to .the
double manifold by the syringe adapter shown in Figure 23, evacuatgd
and refilled with nitrogen. Each solution used-to record a NMR
spectrum was prepared in a three-necked flask (usually 50 ml) then (IN

~——

syringed into the NMR tube. The filtration of a small volume (<2 ml)



8 MM GLASS

£ 22 GAUGE TUBING

SYRINGE NEEDLE

116" % 5/16"
VACUUM TUBING

Figure 23, 'Syrihﬁe Adapter,

»
—$ 14/20 OUTER
(FEMALE) JOINT
L /o
| QLA 2 M
‘ STOPCOCK
o ~40MM
\ 18 MM (O.D)
N ,,
—r
~30 MM — 6MM (O.D)

Figure 24. Filling Adapter.

139
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«

of an extremely air;sensitive solution, which was usu;lly saturated,
was not practical. However, particles could be effectively eliminated
from ;ost samples by centrifuginé the inverted NMR tube for éne min-
ute then slowly turping the NMR tube upright, leéving the solid firmly
compresséd-againsc the serum stopéer.
For most.varinblc temperature ln—NNR studies, ghe serum stoppered

’tubcs provcd to be uscable 1if almost all of the serum stopper was cut
away from the tube once the stopper was placed on thé MR tube. This
was done so that the NMMR tube would fit under the pressure cap of the
spectroﬁeter. The serum stoppered NMR tube was used in the -60°C to
‘+6OOC ranﬁe. Outside this range a scaled MMR tube was used. To a
standard 5 mm NMR tube was sealed another piece of Pyrex 5 mm tubing.
The clongéted tube was attached to the filling adapter (see Figu;e 24
by means of a piece of Tygon tubing. The assembled apparatus was
evacuated as the elongated NMR tube was heated with the heat gun then
refilled with nitrogen. The NMR solufion wvas syringed into the MNMR
tube. %he solution-was thén éubjected,to three freezelthaw dega;sing
cycles.. After freezing the sample a'fourth time the NMF tube-was

carefully sealed under vacuum just below the Soint at which the NMR

tube and the 5 mm Pyrex tubing were attached.

INERARED
All infrared spectra were recorded.on a Perkin Elmer 467 spectro-
meter and calibrated with polystyrene. Mulls gs;g\?repared in a

glove-bay which had Been evadslated and filled with purified nitrogen
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' fiye times. The light mineral oil and fluorolube used as mu;lgng'
agents were stored over molecular sieves, The solutioh spectra were
recorded in matched Ous mm KBr cells which could be evakuated and
filled with ;itrogen. Serum stoppers were used on the 'ntries to .
the sample cell so that solutionq could be syringed intb a cell under
nitrogen and diluted if necessary in the cell. Each sgectrum was
recorded as soon as‘possiole. Another spectrum was re orded five
minutes after the initial spectrum had been recorded o after a
diluted sample had been run, With mulls the plates w%re then opened
to the air for 10 seconds and another spectrum was re orded This

’procedure helped monitor any decomposition that might/ be occurring.

Only rarely could decomposition be seen.except after/mulls had been

[

exposed to air. ' b

MASS SPECTROMETRY<

An A.E.i. MS 12 maes spectrometer was used for all mass spectral
studies except those of high resolution for which an A.E.I. MS 9 mass
spectrometermyas utilized. Each spectrometer was adapted so that
either the conventional electron impact or the newer chemical ioniza— :
tion technique158 could be used. Each sample for mass spectral study
was sealed in a capillary under nitrogen (see«”f(illng a capillary
under nitrogen ‘which appears . latér) and admitted into the spectro-
meter using a direct probe tcchnique. Exact details of this technique J

which allowed the introduction of extremely alr-sensitive samples into .
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the spectrometer with no apparent decomposition, may be obtained from
Dr. A. Hogg of this dep;rtmeﬁt.
>

FILLING A CAPILLARY RIGOROUSLY UNDER NITROCE&

Quite often it was necessary to seal a small quantity of an air-
sensitive solid in a small container (e.g;, a capillary).‘ The use
of a giove—bag was unsatisfact;;y due to the extreﬁe air-sensitivity
of host compounds, the build up of static charge which resulted from
numerous evacuation —kfefilling ;ycies, etc. A solution to this
problem was the design of the filling adapter shown 1in Figure 24
Another pilece of glass.(e.é., glass tubing, sealable vial, dispos-
ablé/gi ette, etc.) can be attached to thg bottom neck of the adapter
b;m; plece of rubber tubing allowing the sealing of sampleibto be done
under rigorously anaerobic conditions. When the glass attac§§J to
the neck of the adapter is a disposable pipette, one has a seilable
"capillary'. After the bottom end of a disposﬁble pipette (9 inch,
Fischer Sciengific) was closed in a flpm;, the pipette was attached
to the bottom neck of the filling adapter with a plece of Tygon
tubing (1/4 inch x 3/8 inch). The Tygon tubing‘was éecured to the
neck of the adapter with a piece of copper wire, A g’ 14/20 stop-
per was placed in the ground glass joint of the adapter, the appa-
ratus was CAREFULLY flamed out while being{evacuated and refilled
with nitrogen. This process was then repeated. , (Besides bringing

the apparatus under a nitrogen atmosphére, this procedure also served

as a check to see if the end of the pipette had been properly sealea.)

o
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As nitrogen was.blowing throﬁgh the Schlenk tube (male jbint) used
to store the ‘samplé and the filling adapter (femalg joint), ﬁhey
were connected and a small amount of solid was transferred to the
pipette through the adapter. Then after separating the two, the
.filling adapter was evacuéted and refilled with nitrogen.

.The capiliary was carefully sealed under nitrogen. Care must
be taken when sealing thé pipette for 1f it is heated either too
quickly or too hot, the gla§s will pop allowing air into the sample.

Capillaries filled in this way were used for melting point
determinati?ns and for mas;'spectrai studies. The mass spectral
sample was smeared along the sides of the capiliary whenever ﬁoséible
to insure that at least part of the sample&was sitting in-the source
once the sample was introduced into the spectrometer. Otherwise,

" higher temperatures were needed to record the spectrum,

. T

' ANALYSIS OF COMPOUNDS

Except where otherwise noted all elemental analyses and mole-
culér weight determinations were performed by Bernhardt Microanaiyt-
ical Laboratories, West’Germany. Carbon-hydrogen analyses performed
in this department were done on a Coleman carbon-hydrogen: analyzer.
Amine’analysgs were performed using the standard technique of decom-
" posing a sample in aqueous KOH, distilling tﬁe liberated amine into
excess acid followed by back—titrationvlsgusing methyl red as an

"indicator.
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!
Sinée satisfactory elemental analyses could not be obtained on
some samples which were shown to be .pure by spectral.studies (e.g.,
Cp2U(NEE2)2, U{N(i—Prop}ZJ 4* Ctc.; see text), attempts were made |
to have the analyses performed in this department even though the
departmental microanalytical laboratory is not equipped to handle
\alr-sensitive compounds. 6ur.§uccess in the use of the filling
adapter (Figure 24) led us to try and submit the samples in pre-
weighed disposable pipettes: - . v
A pre-weighed disbosable pipette was charged with an estimated
5-10 mg of saﬁple and sealed under nitrogen as previously described.
Both pieces of glass were re~§eighed to give the sample weight. The
'sealed caé;}igry was then broken and placed into the analyzer withiﬁ
an elabsea time of five seconds. Howgver, the Eample was incompletely
¢+
ignited resulting -in low\carbon—hydrogen values as would be expected.
(See Table XXXX.) The same proéedure was repeated using 5 mm Pyrex
tubing. Since reproducible numbers could not be obta}ned, the
procedure was checked using sucrose. _Suérose was added to a pre-
welghed tube, weighed before sealing (real sample weight), éealed
under nitrogen, then re-weighed after sealing (apparent welight.)
Welght losses were.seen as a result of~sealing (f.e., 0.155 mg, 1.55%
welght loss; a;d .036 mg, 1.18% loss). The Qeigh; losses combined
with small losses of sample‘when the sealed tube was broken cau;ed
us to abandon this technigue.

The same basic procedure was repeated using 5 mm Pyrex tubing

and an NMR ‘cap. The weighed, capped glass was charged using the

a
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filling adapter. The cap was placed on the tube once it had been
taken into a dry box (Vacuum Atmospheres). ‘The capped Pyrex tube
technique worked only for largér crystals due to high amounts of

static¢c charge in the dry box.
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. SYNTHESES

The Eame basic procedure of Hermann and Suttlel60 was followed.

" PREPARATION oF 101 A
lK%;6l’16%48.7 g) was.blaced ip a 500 ml one—?eck flask. To this’
were added 260 ml of hexacloropropene. A reflux condensor £itted with
a drying tube which contained CaCl2 was placed on the flask and the
reaction mixture was cautiously warmed to 60-70°C. (Hermann and
Suttle160 claim that a very exothermic reaction takes place when the
solution temperature reaches 60°C. Though this preparat;on has been
repeated numerous times, only once was a vigorous reaction observed.
If after 15 minutes at 60~70°C no such reaction occurred,vthe heat-
ing was continued.) The temperature of the heating bath was raised

to approximately 160—1;O°C during wﬁich time all of the yellow UO3
dissolved to give a deep red solution and UClaseparated out of solu-
tion as a microcrystalline, green solid. The temperature of 160»1?0°C
was Qaintained for at least six hours. After the reaétion mixture
cooled to ambient tempgréture, it was poured into a Schlenk filter.
(From this point on, all work was done under a nitrogen atmosphere.)
The green UClélwas washed with several portions of CCl4 (dried over
m61ecular sieves), then with several portions of pentane before dry-
ing ugder high vacuum. The dried solid was transferred to a Schlenk

. tube collecting 61.9 g(96.ZZ yield) ofoCla. Calculated: U 62.7;

found: U, 62.6.
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Notes on preparation: .

1.)‘ No meqtion is made in the reported synthesis of UClA

aﬁout the‘grade of hexachloropropene used. The commercially

availabie hexachloropropene (Aldrich) is technical grade and may

be used as received. Freshefractionally distilled hexachloro-
'EfﬁbrOpene improved neither the yield of the reaction nor the purity

of the product.

2.) Hermann ané suttle®Cdistil1ed off the by—producg, trichloro-

acryloylchloride before collecting the UClA. However we find

this step is not necessary since its inclusion has no apparent

effect on either the yield or purity of UC14.

~

DEHYDRATION OF ThC1 4 8}120

ThCl4'8H20-was reérystaliized before dehydrgtion by the method-
of Brauer.l63 To a 500 mi three-necked flask fitted with a gas inlet,
a stopper, and a reflux condenso; which was fitted with a drying tube
o were added 58.5 gof recrystallized ThCi4°8H20. SOCl2
(170 ml? was added and the mixture was warmed until the SOCl2 was

containing CaCl

gently refluxing. The mixture was left refluxing overnight. Excess

2

+fter refluxing for two hours, the excess SdCl2 was removed by filtra-

SOCl2 was then decanted off and another 150 m}\ef SOCl were added.

tion. (From this point on all work was done under nitrogen.) . The

white solid was washed with several portions of CCl4 before drying

in vacuo. A yield of 41.7 g (98.8%) ThCl, was obtained..
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PREPARATION OF T1cpl64 —

TlZSOA (49.13 g; 97.33 mmole) were added to 20g of KOH in 250 ml

of water. While stirring thefsuspension 16.0 ml (12.8 g; 194 mmole)

~

of freshly distilled cyclopentadiéne were added dropwise.wi;h a

syringe. A yello@ precipitate resulted. The reaction mixture was
stirred for another 15 minutes after the addition of C5H6
The mixture was filtered and air was pulled through»the yellow solid

w3s complete.

. for -five minutes. The Qolid’has transferred to a sublimer. A yellow
microcrystalline solid was sublimed at 107°C, 0.03 mm Hg and 37.95 ¢
T1Cp were collected in a Schlenk tube (72.67% yield). The T1Cp was

stored under nitrogen.

PREPARATION OF NaCp
Metallic sodium (24.3 g; 1.06 mole) was placed in a three-necked,
1000 ml flask fitted with a high speed stirrer, a condensof and a
gas inlet. Enough toluene was added so that the toluene level was
about half an inch above the sodium. The toluene was heated until
it was gentﬁ& reflhxing, then the mixture was stirred at a high speed
for approximately 20 minutes. The stirring was stopped and the heat
immediately rempved. When all of the sodium sand finally settled
down (about oﬁe and one half hours_iater)“the toluene was removed
with a syringe and the condensor was replaced with a dropping funnel.
Then 200 ml THF were added to the sénd before a solution of 100 ml

(79.8 g; 1.21 mole) of freshly distilled cyclopentadiene in 100 ml THF

was added dropwise. After the reaction solution was stirred overnight,

’
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the solvent was removed from the light pink solution to give white,
‘sol}d NaCp in nehf quantitative yield. The solid was stored in a
Schlenk tube undér‘nitrogen. ;
PREPARATION OF "szUClz" USING Nan(AND UCL4 &F THF

UClA (7.22 g;19.0 mmole) was dissolved in 150 ml of THF. To
this were added 32.8 ml of a‘Nan solution in THF (1.16 M; 38.0 mmole).
The’resulting dark green solution waslstirred overnight. .After
removing the NaCl by filtrat;on, the reaction solution was concen-
trated to an estimated volume of 50-60 ml. Cooling the solutioﬁ to
-78%¢ produced a crystalline green solid which was collected on a
filter, washed with ether and dried under vacuum. The yielé was'5.89 ¢
(70.77). | y o’
PREPARATION OF ”CpZUCIZF USED FOR REACTIONS

.To a mixture of 36.91g (97.2 mmole) of UCl, and 52.35g (194

4
mmole) of T1Cp at OOC were added 300 ml of THF. The reaction mix-
ture was stirred for about five minutes at 0°C and then it was
a%}dwed to stir overnight atnambient temperature. Tﬁe dark green-
brown solution wag filtered and cooled to -78°C. The resulting
crystalline material was collected on a filter, washed with ether
and dried. The yield was 14.5 g (34.2%).

. o
Concentration of the filtrate and cooling to -78 C produced

some Cp3UCl.
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2
To a solution of 1.20 ml (2.34 g; 9.45 mmole) of CeFsBr in 20 ml

REACTION OF "szUCl " WITH LiC6F5

of freshly distilled ether was added dropwise a solution of 5.0 ml
(9.0 mmole) of '1.8M n-BuLi in hexanes at -78°C. The solution was
stirred for 30 minutes at -78°C and then a solution of 1.99 g (4.54
mmole) of ”szUClQ" in 40 ml of THF was added dropwise to the‘LiC6F5
solution at -78°C. The reaction solution was sti;red at -78°C for
four hours aﬁd then for one gour at ambient temperature before filter-

ing. The solvent was removed fegm the dark brown solution under

vacuum and the reéulting dark brown solid was dried in vacuo. Mass,

1H— and 19F—NMR spectra failed to characterize the product.

The other reactions with ”CpZUCI " (Table I) gave products

2
which could net be identified by lH—NMR and mass spectra. The one

reaction that gave an identifiable product was with KZCOT. The mass

spectrum showed only uranocene (m/e 446).

I
.

PREPARATION OF Cp3UC1 10

UCL, (3.75¢59.87 mmole) and (7.98 g 29.6 mmole) of T1Cp were
added to a'100fmi three-necked flask. To the mixture of.solids were
- added 50 ml of THF. After stirring at ambient temperature for four
hours, the T1Cl produced was removed by filtration. The solﬁent was.

removed from the filtrate under vacuum to give 4.30g (92.2% yield)

Cp,UCL.
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REPEAT OF ZANELLA'S PREPARATION OF CpZUCL2 28

. To a mixture of 1.20g (3.16 mmole) of UCla and 1.69 g (6.27 mmole)

3

of TlCp were added 50 ml of DME. The reaction was stirred at room
‘ temperature for three hours then filtered. The dark green react}dn

solution was taken to dryness under vacuum, ylelding 1.6 g (84.7%)

1)

of a green-brown solid. -

. . \
REPEAT OF DORETTI'S PREPARATION OF CpUCl2 28

To a mixturerf 1.50 g (3.95 mmole) of UCl4 and 1.06 g (3.93 mmole)

of TICp were added 50 ml of DME. After stirring the reaction mixture

e

for seven hours at ambient temperature, the mixture was filtered.

The solvent was removed from the filtrate under vhcuum, yielding 1.00g

(62.3%) of the light green solid. |

REPITITION OF (Cp,UCL),UCL A\ﬁZDME AS REPORTED BY KANELLAKOPULOS, LT AL. 29
A solution of 0.607’g(i.29 mmole) of Cp3UCi in 50 ml4of DME

was added to a slurry of 0.250 g (0.658 mmole) of UCl4 in 10 ﬁl of DME.

After heating the reaction mixture for eight hours at 73°C the. hot

solution was filtered and the filtrate was taken to dryness in vacuo.

The yield of the green solid was 0.645g (64.2%).

THE REACTION OF CpUCl. AND Cp3UC1 IN DME

3
To h‘mixture of 0.627 g (1.34 mmole) of Cp3UC1 and 0.557 ¢ (1.36

mmole) of 'CpUCl." were added 40 ml of DME. The solution was stirred

3
overnight at 76°C. Filtration of the reaction solution foIllowed by
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solvent removal from the filtrate yielded70.693 g (69.17%) .of a dark

green-brown solid. | . .

PREPARATION OF TETRAKIS(DIETHYLAMIDO)URANIUM(IV), U(NEtZ)a

This reaction must be done in the dark to avoid significant

&

photodegomposition.

A solution of 2.69 g (7.07 mmole) of UCl4 in 35 ml of THF was
added dropwise to a solution of 2.23 g (28.2 mmole)-of f.iNE.t2 in 5 mi
of'THF at 0°C. After stirring the reaction solution for 21 hours at
ambient temperaturc, the solvent was removed under vacuum. Péntane
(30 ml)lwas added and the resulting dark green-brown solution was
filtered. The flask and filter were washe with two 10 ml portions
of pentane.. Aftéf removal of the pentane under vacuum, 3.60 g (97.0%

yield) of U(Nﬁtz) were obtained. Calculated: C, 36.50; H, 7.66.

4
Found (Alberta): C, 35.45; H, 7.43.' Th(NEt2)4 was prepared analog-

ously.

PREPARATION OF Cp,U(NEt.)
P2 272

P(NEE was prepared as described above using 20.15 g (255 mmole)

2)4
23.89 g (62.9 mmole) UC_l4 and a total velume of 200 ml THF.

was extracted into 200 ml of pentane and a solu-

2 ?
) J
Thelsolid U(hEtz)A

tion of 10.3 ml (8.30 g; 124 mmole; 98.8% of the amount required) of
freshly distilled cyclopentadiene in 30 ml pentane was added dropwise

to it. The resulting yellow-brown solution was stirred for an

S



additional two to three hours atvambient temperature. (After the
addition of cyclopentadiene is complete the reaction solution may be
exposed to light.) The reaction solutionywas poured into a jacketed
) Schlenk filter and cooled to -78°C causing szU(NEtZ)2 to crystallize
as tﬁin golden leaves (see crystallization procedure which follows).
A total yiéld of 20.0 g (88.7% ~based on cyclopentadiene) was §btained

Calculated: NEtz, 28.3. Found: .28.4, 28.2, 28.5.

CRYSTALLIZATION OF Cp,U(NEt,), PR

The apparatus used for the low temperature crystallizaﬁion of
.CPZUSNEtZ)Z is shoyn in Figure 25. After the assembleé equipmgﬁt
‘was flamed-out under vacuum and refilled with nitrogen; the jacket
‘was filleé with crushed dry ice._ The filtration apparatus was
tilted and the flask containing the szU(NEtz)2 solution Qaé attach-
,ed to the filter after the cap was removed. Aé much acatgne asi
possible was added to the jacket. At this point stopcock A 1s closed
to nitrogen as well as the stopcock on the flask cohta%ning the
szU(NEtz)2 solufion(stopcock C), but stopcock B is left opén ﬁo
nitrogen. The stopcock on the manifold which was attached to stbp—
cock C wasvchanged to vacuum. Then as the solution was poured onto
"~ the filﬁer, stopfock C is rapidly turned egough times so that the
soldtion does not go through the filter. The solutiop was left- at
-78°C for 30 minutes during which time a golden crystalline (leaves)

solid separated. Stopcocks A and C were reopened to nitrogen while

d partial vacuum was created below the filter in the .receiving flask

204
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STOPCOCK

7] evacuasie
: CAP

- Figure 25, Apparatus for the low temperature crystallization of

Cp,U(NEE,),.



pulling through the solution. It was necessary to keep 'a partial
vacuum in the receiving flask for about an hour to get rid of solu-
tion trapped in the leaves. Tﬂe leaves were washed by adding 15 ml
oprentane to the filter and letting it sit at -78°C for anothepv
five minutes before pulling the solvent through the filter. Removal
of solution from the leéves was sped upvif the leaves were occasion-
ally stirred with a spatula.

Once the majority of the sélvent_had been pulled through the
filter, the receiving flask was placed under nitrogen, the;filter
was removed, and an evacuable cap was placed on the bottom of the
filter. The contents of the fil;er were first evacuated from below
and then simultaneously from above and below the filter.

In the preparation describeq, 16.% g(72.7Z y;eld) of szU(NEtz)2
were collected in the first crystallization. Concentration of the
filtrate followed by crystallization as above yielded another 3.6¢

(88.7% total yield) of szU(NEtz)z.

PREPARATION OF Cp ;U (NEE,) ,-

To a solution of 2.63 g (6.92 mmole) of Cp3UC1'in 20 ml bf,THF
wasvaddedla solution of Q.Sﬁ g (6.9 mmole) of LiNEt2 in 10 ml of THF.
The color of the solution turned frqm dark brown to red-brown. ihe
solution was removed under vacuum: The resulting solid was stirred
with 60 ml of benzene and the resulting solution was filtered.  The
filtrate was slowly concentrated under vacuum to an estimated volume

of 10 ml and a red crystalline material formed. The crystalline

206
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material was collected on a filter, washed with 5 ml of pentane and
then dried un@ér vacuum. A yield of 2.12 g (74.8%) of Cp3U(NEt2) vas

collected. Calculated: NEtZ, 14.3. Found: NEtZ, 13.9.

PREPARATION OF Cp2Hf(NEt2)2

The-basicAprocedure of Chandra and Lappert56 was followed.
Into a 100 ml flask were syringed 1.5 ml (2.2g; 4.6 mmolé) of
Hf(NEtz)A, 10 m1 of benzene and 1.5 ml (1.2g; 18 mmole) of freshly
distilled cyclopentadiene. The reaction solvent was refluxed at
90°C for ten hours. The solvent was removed under vacuum. The
resulting light yellow solid was dried under vacuum for two hours
at 50°C.. After sublimation (130°C/0.025 mm Hg) of the solid, 1.26g¢g

(60.6% yield) of szﬂf(NEt were collected in a Schlenk tube,

2)2
The compound was identified by its mass spectpum and shown to be

pure by 1H— and 13C—NMR.

i

 ATTEMPTED PREPARATTON OF TEII‘RAKIS{BIS(TRIMETIIYLSILYL)AMIDO}URANIUM(IVA),
uln(siMe,), ], ”

\ A solution of 3.4 g (20 mmole). of Li[N(SiMe3)ZJ in 2? mlrof iHF

was addéd dropwise to a solution of 1.75g (4.61 mmole) of UClaiin

25 ml of THF. The reaction solution was stirred for 16 hours at

ambient temperature, and then refluxed for 48 hours giving a dark

brown solution. Removal of the solvent under vacuum gave ahsolid

which was successively extracted with 70 ml of pentane then with

50 ml of toluene. Removal of the solvent from the pentane solution
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yielded a dark brown solid, while removal éf the solvent from the
toluene solution yielded a sticky dark brown solid which could only
.be dried after washing with pehtane. N\
Both the pentane and tolueng;soluble solids showed complex
1H—NMR spectra. In addition the mass spectrum of each showed

U[N(SiMe3)2]3C1 to be the main uranium containing material. ' N

PREPARATION OF TETRAKIS(DIISOPROPYLAMINO)THORIUM(IV), Th[‘N(i—Prop)z] A

To 5.87 g (15.7 mmole) of ThCl, in 100 ml of THF, was added

4
dropwise a solution of 6.77 g (63.2 mmole) of LiN(i—Prop)2 in 50 ml

of PHF. (The reaction flask was covered with foil as a precaution
aé;inst photodecomposition.) The solutgon was stirred at room
temperature for geven hoqrs before removing the solvent under

vacuum. Then 120 ml of hexanes were added and the solution was
warmed to 60-70°C for six hours. The solutibn was filtered and the
filtrate was takgn to dryness under vacuum. A yield of 7.78 g (78.3%)
Th[:N(i—Prop)zj4 were obtained. Calculated: C, 45.56; H, 8.92.

Found (Alberta): C, 44.53, 44.83; H, 8.46, 8.61.

UE\I(i-Prop)zj4 was prepared similarly. .

PREPARATION OF U[N(i—Prop)2]4 USING |:(1—Prop)2N_] MgBr
[Ki—Prop)zﬁ]MgBr Qas prepared by a very slow add;tion of a solu-

tion of 10 m1 (7.2g; 71 mmole) of diisopropylamine in 10 ml of ether

to 40 ml of 1.78b1iéopropylmagnesiumﬁromide (71 mmolﬁfi During the

addition of diisopropylamine to iSOpropylmaghesiumbromide vigorous .



209

'gas evolution was seen along with the formation of a white prééipi—
tate. The reaction mixture was left stirring for two hours at
ambient temperature after the gas evolution had‘ceased. Removal of
the solvent under vacuum gave a white solid. Tke white solid was
dissolved in 50 ml of THF and 30 ml of pentane. Thén a solution of'
6.59 g (17.4 mmole) of UCla in 30 ml of THF was added fo the solution
of Bi-Prop)zﬁ]MgBr. (As a precaution the reaction flask was wrapped
in foil.) After 18 hours the 1H—NMR showed :mainly U[}‘\I(i—Prop)ZJ4 but
other signals presumably.due to U[N(i—Prop)i]4_xClx (x=1,2) were
also seen. The rgacﬁion mixture was then evaporated to dryress in
vacuo and 100 ml of heg?nes were addedf Heating this.mixtu e for
12 hours at 60°C caﬁsed'complete!fonversion of UClA to U[N(i—Prop)Zj4
as determined by the 1H:—NMR. Filtration of the dark yellow-brown
solution followed by removal of solvent from the filtrate, gave 6.98 ¢
(63.0%) of U[N(i—Prop)é]a. Calculated: C, 45.13; H, 8.84. Found
(Alberta)i C, 42,05, 42.03; H, 8.20, 8.20.
ATTEMPTED PREPARATION OF CpZU@(i-Prop) 2]2

U[N(i—Prop)Z-]4 (1.3g; 2.0 mmole) was dissolved in 15 ml of
pentane. Then 0.33 ml (0.26 g; 3.9 mmole) of'freshly distilled .
cyclopentadiene was added with a s&ringe. The reaction so;ution _
was,stirred at ambient temperature for 15 hours. ' The solvent was

removed under vacuum and the resulting solid was dried in vacuo.

A 1H—NMR spectrum showed only the starting material.
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The reaction was then attempted in THF but still no reaction

RS
L T

occurred . -

PREPARATION OF POTASSIUM DIPHENYtAHInE, kN(c He),
Approximately 7 g (40 mmole) of freshly sublimed diphenylamine

were dissolved in 125 ml of benzene To this was added 1.95 g

-

mg - atom) of clean potassium. The solution wés‘reflukedwfor 24

‘hours. The solvent was removed under vacuum. Once the solid was _

-

dry, 80 ml of THF were added, and the solution was filtered to

remove excess potassium. This solution was taken to dryness under

-

vacuum\end the solid was weighed (7.83g; 91.0% yield).

PREPARATION OF TETRAKIS(DIPENYLAMIDO)URANIUM(IV), UEN(C6H5)2]4
A solution of 3.46 g (9.11 mmole) of UCl4 in 60 ml of THF was

7‘838 (37.8 mmole) of KN(CGH in

5)2

added dropwise t
75 ml of THF at|0°C. After stitring for five hours at OOC, the

»
dark red-brown sblution was allowed to stir at ambient temperature

for another 30 houxs. The solution was filtered and the solvent was

removed under vacuym. After dr&ing the solid under vacuum, 7.13 g

(85 yiel

H/ 4.43. Found (Alberta):' C, 56.04; M, 4.89.

EPARATION OF szU[N(C6H5)i]2

Freshly distilled.cyclopentadiene (0.30 ml; 0.24 g; 3.6 mmole) -

was added dropwise with a syringe to a solution of 1.69 g (1.85 mmole)

.
AW

210

U[ﬁ(c H5)2]4 were collected. Calculated: C, 63.29;



211

of U[F(C6H5)é]4 in 20 ml of THF. After stirring the deep red reac-.
tion solution for three hours at room temperature, the solvent was
removed under vacuum. The dried solid was transferred to a Schlenk
filter and washed with four 10 ml portions of pentane to yield 1.2l g
(92.5{) of‘CpZU[F(C6H5)2]2. The‘sample was shown to be pure by a

combihation of lH—NMR and mass spectra.

PREPARATION OF U(NMez)4

To a solution of 5.19 g (13.7 mmole) of UClA in 60 ml of THF

and 15 ml of hexanes at -30°C was added all but 1-2 ml of a solgtibn
- ’t‘
%

of 2.830¢g (55.5 mmole) of LiNMe2 in 100 ml of THF. The reaction?

solution was allowed to come to ambient temperature after the addi-
tion of LiNMe2 was complete. After 17 hours the so}vent was removed
under vacuum. To the resulting red-brown solid QaS'addFd 50 ml of |
THF and 50 ml of pentane. Filtration followed by removal of the
solvent under vacuum gave 5.04 ¢ (89.5% yield) of U(NMez)A. Calcu;

42.2. Found: NMe

lated: NMe 40.1. S

2° 2
ATTEMPTED PREPARATION OF szU(NMe2)2

The tetrakisamide prepared above was dissolved in 50 ml of
THF. To this solution was added very slowly a solution of 1.35 g
(20.4 mmole) of freshly distilled cyclopentadiene in 75 ml of THF.

The reaction solution was stirred for another 18 hours at ambient

temperature after the addition was complete. Removal of the solvent
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in vacuo yielded a dark brown solid which was found by Li-me to be

]
a mixture of szU(NMez)2 (56.2%) and CpBU(NEtZ) (43.8%).

PREPARATION OF szu'(dcc)2 ‘
CPZU(NEtz)Z’ 1.61 g (3.15 mmole), was dissolved in 15 ml of 082

with the evolution of‘heaf. After the red-brown solution wés stirred

for one hour at ambient temperature, the solvent was removed unde;

"vacuum and 2.07 g (99.07Z yield) were collected. Calculated: C, 36.14;

H, 4.55; N, 4.21; S, 19.29; MW, 665. Found: C, 36.01, 35.96;

", 4.53, 4.54; N, 4.10, 4.12; S, 19.11, 19.06; MW, 713 ( Osmometric

determination in benzene).

PREPARMBION OF CpéU(Ehelate)
Since all of the chelate complexes* were prepared in the same
yay, the preparation of szU(omp) is given as an example.
o-Mercaptophenol (omp), ‘0.36 ml (b.éSg; 3.6 mmole), was added
dropwise with a syriﬁge into a solution of 1f80;£(3;51 mmole) of
szu(NEtz)é in 20 ml of THF. The color of the reaction solution
immediately changed form a yellow-brown to a déep red. The reaction

solution was stirred at ambient temperature for another six hours

before removing the soivent under vacuum. A dark brown solid

* The chelating ligands used were toluene-3, 4-dithiol (tdt), o-

mercapto;henol (omp), catechol (cat), 4-methylcatechol (Me-cat)
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(1.72 g;99.4% yield) was collected.. Calculated: C, 39.03; H, 2.87.

LY Al

Found: C, 39.19, 39.04; H, 3.05, 3.05.

PREPARATION OF szU(SR)2

All of the réactions involving mondentate thiols were performed
in the same way. Hence the attempted prepération of CpZU(SEt)2 is ’
given as an egample,

Ethanethiol, 0.40-ml (0.33g; 5.3 mmole), was syringed dropwise
into a solution of 1.39g (2.71 mmole) of szU(NEtz)2 with the imme-
diate appearance of a deep red color'n‘After the reactlon solution
was stirred for four hours at ambient temperature, the solyent was
removed under vacuum. A yield of 0.704g (89.4%) as;uming the prod-
uct is (szU(SEt)2 was obtained.'

Recrystallization from THF gave large prismatic crystals which
by elemental analyses were seen to contain 85Z_Cp3U(SEt) and 15%

CPZU(SEt)Z' Calculated (for the mixture of Cp3U(SEt)_and CpZU(SEt)Z):

C, 40.24; H. 4.08. Found (Alberta): C, 40.24, 40.26; H, 4.11, 4.08.

PREPARATIQN OF Cp3U(SEF)

A mixtugg of 1.61 g (3.43 mmole) of Cp3UCl, and 0.416 g (4.15
mmole) of KSEt was sLirred in 20 ml1 of THF and the reaction solution
"turned red. After stirring the reaction golution overnight,-it was
taken to dryness ig.xgggg. Then 60 ml of benzene were added to the
(solid and the mixture was warmed to 50 °C while stifring. Filtration .

of the hot solution followed by cooling of the filtrate produced
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elongated prisms with a yfeld of 1.09 (64.5%). Calculated: c,

41.30; H, 4.08. Found: C, 40.14: H, 3.88. .
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