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CHAPTER I

INTRODUCTION



A. Historical Background

The study on the solvent exchange reactions and complex
formation reactions ofvmetal ions presents the information which
is considered to be the most basic data for an understanding of
the reactivity of metal ions in solvents. Therefore, a 1argé
aumber of solvent exchange and complex formation reactions of
metal ions have been investigated by various methods, e.g.,
NMR line-broadening, ultrasonic absorption, temperature-jump,
and stopped-flow methods. Particularly, the solvent exchange
reactions in various metal ions have been studied by the NMR
line-broadening method. The first quantitative theory for this
method was established by Gutowsky et al.l) and further developed
by McConellZ).  Swift and Connick used this theory for the purpose

of obtaining the water exchange rate in some paramagnetic

transition metal ions, e.g. Mn2+, FeZ+, C02+, Ni2+, and Cuz+ 3).

Thereafter, many authors have reported the solvent exchange re-

actions in various metal ions as listed in Table 1 4_9). Eigen

omplex formation reactions of many metal

@]
@]

et al. have studied th
jons with various anions by using the ultrasonic absorption method
and proposed the following mechanism for the complex formation

reactions in aqueous solution. .

K k

0s
q- ——
<

HZO

+ + - - +
M(HZO)El + L M(HZO)}?l —--14 ————MW(HZO)HL(D oy (m-n)H,0

In this mechanism, the values of kH 0’ which is the rate constant
2

corresponding to the dissociation process of water molecules from

the first coordination sphere of the metal ions, arc independent



of metal ions, Thus far, the values of kH for many metal iomns

50
have been obtained from the rate measurements of the complex
formation reactionss). These values are mostly in good agreement
with the rate constants of water exchange in metal ions measured
by NMR and other methods. This consistence indicates that fhe
rate-determining step of the complex formation and the water
exchange reactions is the dissociation process of water molecules
from the first coordination sphere of the metal ions. On the
"basis of the rate constants of water exchange, the reactivity of
the metal ions has been widely discussed, and it is proposed
that the differences of reactivity among many metal ions are due
to differences in the ionic radius, charge, crystal field
stabilization energy, and coordination number of metal ionss’ll).
In spite of a large number of the kinetic studies for metal
ions in aqueous solutions, little is known concerning the kinetic
data for the metal ions in nonaqueous solvents. Tt is still not
obvious whether the mechanism of complex formation reactions in

s similar to the reactions in aqueous solutions

[y

nonaqueous solvents
and the reactivity of metal ions in nonaqueous solvents has not
been discussed systematically.

12,13) have made an extensive study of

Benetto and Caldin
éolvent effects on the kinetics and activation parameters of Ni(IT)
and Co(II) reactions with bipyridyl. Their results were inter-
preted as indicating that the factors other than the solvent
exchange rate, i.e. the rearrangementbof solvent outside the first

coordination sphere of metal ions, must be taken into account

to explain the kinetics.



Table 1. Kinetic parameters for the solvent exchange reactions

in various solvated metal ions

Metal Solvent k(25 °C) AH+ : AS#
Ton — -1 -1 -1
=1 kJ mol JK mol
sec
Bt 10 2.1 % 10° 34.9 -63
DMEF 3.1 x 10° 61.0 11
2+ 5
Mg H20 5.3 x 10 42.6 8.4
CH ,0F 4.7 % 10° 69.8 59
C.H_OH 2.8 % 10° 74.0 125
3+ 2.5 -1
Al H,0 1.7 x 10 113 117
DMF 4 74.0 20
DMSO 2.9 x 107T(40°C) 84 16
se 3t T™MP 6.66 % 10 29.8 ~110.9
71T H,0 1.0 x 10° 26 ~63
ci,0n 1.9 x 10° 14 ~100
pit DMF 3.0 x 10 117
v2r H,0 9.6 x 10 68.9 23,1
Nadl H,0 1x 10° 37.8 63
1.6 x 10° 25.9 ~96
2+ ~ 2 :
VO HZO 5 x 107 (eq.) 57.5 -2.5
8 x 102(eq.) 55.9 ~-8.4
10 l(ax.)
Ci ;0K 3.3 x 10° 50.4 5.5
DMF 2.0 x 102(eq.) 55 -17
4.6 x lOQ(aX.) 64 58
DMA 4.7 x 103(eq.) - 42 -33
CH..CN 2.9 x 10° 29,6 -84
"3+ 3 -7 : '
cr H,0 4.3 x 10 110 1.3
DMF 5.5 x 1070 ~97.1 -58
DMSO 5.5 x 10"5(75°c) 23.1 -12
vt 1,0 3.1 x 10/ 34.0 12.2
2.3 x 10/ 32.8 5.9
CH ,0H 9.5 x 10° 28.0
3.7 % 10° 26 ~50
DMF 2.4 x 10° 37 3
DMSO 6.3 x 10° 31 ~10
CH.CN 1.2 x 10’ : 30. 3 -15
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Table 1. Continued .
Kinetic parameters for the solvent exchange reactions

in various solvated metal ions

Metal Solvent k(25 °C) ot Ast
Ion S -1 -1 -1
sec_l : kJ mol JK mol
M2t N, 3.6 x 10’ 33.4 21
HMPA 1.0 x 10’ 51 43
NBL 2.6 x 10" 39 ~25
Fe’t HYO 3.2 x 10° 32,3 ~13
CH 0B 5.0 x 10% 4.4 13
CH N 5.5 x 1of 40.7 1.3
DMF 1.7 x 107 48.9 38
DMSO 1.0 x 105 47.2 29
Fe’t HLO (0.8-2.0) x 10%
1.5 x 107
CH.,OH 5.1 x 10° 42.2 34
DMF 6.1 x 10 42.2 ~69
DMSO 5.0 x 10 39 46
co”t B0 2.4 x 10° 43.7 21
2.2 % 10° 43.3 21.4
1.1 x 10° 33.6 ~17.2
CH O 1.8 x 10 57.7 30
DMF 3.9 x 10° 56.8 53
DMSO 3.1 x 10° 51.0 41
CH,CN 3.5 x 102 47.7 22
NH 7.2 % 10 46.8 43
2+ 3 4
N HO 2.7 % 104 48.7 2.5
3.0 x 10 45 .4
3.6 x 10° 51.7 15.1
CH,0H 1.0 x 102 | . 66.0 33
¢, HOH 1.1 107 45 33
DMF 3.8 x 10 62.7 17
DMSO 3.2 x 103 54.3 . ' 33
i, ON 2.0 x 10? 68. 4 5.8
N, 1.0 % 10 46 50
DMMP 2.4 x 10 31.4 8
cu?t H,0 1.0 x 10%(eq.) 46 12
2 % lOS(ax.) 21 ~12
c,on 7.4 % 107 25 11
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Table 1. Continued
Kinetic parameters for the solvent exchange reactions
in various solvated metal ions
Metal o Solvent k (25 °C) AH* AS#
Ton ' . -1 -1 -1
-1 kJ mol JK "mol
sec
>t H,0 1.8 x 10° 26 ~92
2+ 7
Ga H20 1.7 x 10 61 -35
DMF 9 x 10° '
rh>t H.0 3% 1070 137 59
3+ 2 4
In HZO 4.0 x 10 19 -97
3+ 7
Gd HZO 6.3 x 10 12 18
9 x 108 3.2 ~7
>t H,0 (2.1-7.8) x 10’
3+ 7
Dy HZO (1.4-3.2) x 10
6.3 x lO7
Ho T H,0 (0.9-6.1) x 10’
3+ , . 7
Er HZO (0.54-13.5) x 10
Tm>+ H,0 (0.33-0.64) x 10’
ReOZ H,0 8.10 x 10°
CH.OH 2.6 x 10$
b+ 5
U HZO ’ 1-100
NpOZ CH ;0K 3.5 x 10° 31.5 ~34
eq. : Equatorial position. ax. : Axial position.



Recently, it is proposed that a correlation exists,in
between the solvent basicity and the activation enthalpy for
the solvent exchange reactions and the complex formation reactions
in nonaqueou Solventsl4’15). However, it is doubtful that the
correlation is generally applicable to the solvent exchange and
complex formation reactions in nonaqueous solvents..

The kinetics for the oxocations including a uranyl ion has
not been well studied except a vanadium(IV) ion (VOZ+), and the
reactivity of these oxocations in solution has been little known.

In paralell with the study of the solvent exchange reactions,
extensive data on the coordination number of metal ions in sclutions,
have also been obtained by the NMR method16). The outline of
this method is as follows. If the Solvent exchange can be slowed
by the additidn of such an inert solvent as acetone, followed
by cooling the sample, separate NMR signals can be observed for
solvent molecules in the first coordination sphere’of a metal
ions, and in 'the bulk. The area measurements of the separate
signals, combined with a knowledge of the metal ion concentration,
yields the coordination number of the metal ion.

Besides the NMR area integration method, the coordination
number of the metal ions have also been determined by the NMR
chemical shift method, X-ray diffraction method, isotope dilution
method, and ion exchangé separation and chemical analysis method

4,17)

and so on The coordination number obtained so far are

listed in Table 2.
With respect to a uranium(VI) ion, which is known to exist

in solutions as an oxo ion, UO?T, the study on the kinetics and



Table 2. Solvation numbers of various metal dions
. b
Cation Solvent o’ Method
Li+ 'HZO 4 X-ray
Be(C10,) H,O 3.7-3.9 .170 NMR
R 2 e .
DMF L, 0~4.2 PMR
BeCl'2 H,0 4,0-4.5 PMR
0 4.0-4.3 Yo wr
Na+ HZO 4 X-ray
Mg(C10,), H,0 6 PMR
CHBOH ,6 PMR
CZHSOH 5.9+ 0.4 PMR
NH 5.9+20.1 PMR
Al(ClO4)3 H20 6.0 PMR
DMF 6.0 PMR
DMSO 5.8-6.0 PMR
AL(NO.) H,0 6.0 85 1p
3°3 2
6.0 PMR
AlCl3 fZO 6.0 PMR
5.8-6.1 17O NMR
DMF 6.0 PMR
AlI3 DMF 6.0 PMR
NH 3 6.0 oy om
K+ HZO 4 X-ray
KF,KI HZO 3.5 NMR
calt H,0 6 X-ray
CaC12 HZO 6 NMR
Ca(ClO4)2 HZO 6 NMR
Ca (NOB) 9 H2O 6 NMR



Table 2. Continued
Solvation numbers 6f various metal ions
Cation Solvent CN Method
SC(NOB)B HZO 5.1 PMR
V0So0, H,0 4 (eq.) PMR
1 (ax.) PMR
1 2 £0.2 18
Cr(C 04)3 HZO 6.2 £ 0. O 1D
6 17O NMR
DMSO 6 Ion ex.
pyridine 6 Ion ex.
N-oxide 6 Ion -ex.
CHBOH 6 Ion ex.
Cr (NO,,) NH 6.0 * 0.2 Dy 1
3°3 3 *
Mn2+’ HZO 6 X-ray
Fe2+ HZO 6 X-ray
vFe(cloA)z HZO 6 NMR
, +
CO(C104)2 HZO 5.9+ 0.3 PMR
CH%OH 5.8 PMR
DMF 6.0 PMR
CH,CN 5.7 £ 0.3 ~PMR
CoCl2 Hzo 6 X-ray
CoBr2 HZO 6 X-ray
Co2+ DMSO 6 PMR
Ni{C10,) H.O 4 of 6 17O NMR
Ay 2
CHBOH 4.8 £ 0.7 PMR
Ni(NO3)2 HZO 6.0+ 0.2 PMR
2+
Ni HZO 6 X-ray
Cu2+ H.O 6 PMR,X-ray



Table 2.

Continued
Solvation numbers of various metal ions
Cation Solvent CN Method
Zn2+ HZO 6 PMR,X-ray
Zn(ClO4)2 CH3QH 6 PMR
Zn(NO3)2 CHBOH 6 PMR
17
Ga(C104)2 HZO 6 0 NMR,PMR
DMF 5.9 . £0.1 PMR
Ga(NO3)2 HZO 5.9 +0.1 PMR
GaCL2 HZO 5.7 PMR
Y(N03)3 HZO 2.4 PMR
+ R
Ag HZO 2 X-ray
Cd2+ HZO 6 X-ray
(NO ) 1 4, f
Cd(N 39 -20 1.6 PMR
InCl3 HZO 5.8 PMR
2
SnCl4 HZO 6 | PMR
SnBr4 HZO 6 PMR
Er3+ HZO 6 X-ray
17 ;
(CH3)3Pt(C104)2 H,0 3 0 NMR
17
+
<NH3)2Pt(ClO4)2 HZO 1.8+ 1.3 0 NMR
CH3CN 2.0+ 0.1 ~PMR
Hg(N03)2 H,0 4.9 NMR
Pb(NO3)2 H20 557 NMR
Th(NO3)4 'HZO 2.9 - PMR

10

a

CN = Number of solvent molecules bound in the cation solvation shell.

b Method: PMR,

1

H NMR;

15

N ID, 15N isotope dilution;

18

0 ID,

18O

isotope dilution: Ion ex., ion exchange and chemical analysis.
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the coordination number in.the equatorial plane of uranyl ion
has not been appreciably performed in spite of a large number
of studies on the photochemical rédok reactions of uranyl ion, the
redox reactions between other metal ions and uranyl ion, the
solvent extraction of uranyl ionlg"zo).

The hydration number of the uranyl ion has been estimated
to be 5 or 6 from indirect methods such as gravimetric, thermo-

21-23)

chemical, and spectroscopic studies Fratiello et al.

recently determined the hydration number of uranyl ion in solution
' 24-26) '

to be 4, i.e. UOZ(HZO)2+, by NMR area method More recently,

Alcock et al. studied the crystal strucfure of solid uranyl di-
perchlorate heptahydrate by the single crystal X-ray method and

27). Furthermore, from

indicated the hydration number to be 5
the coordination number studies of uranyl complex ions by NMR
area method, it has become apparent that the four- or five-

coordinated complexes in the equatorial plane of uranyl ion

exist in solution, e.g. UO (HMPA)2+ (HMPA = hexamethylphosphor-
2 4 yi

’ [a Y ER )
amide) 28’2315 UOZLé (L = N,N-dimethylacetamide(DMA), trimethyl
phosphate (TMP), triethyl phosphate (TEP), tetramethylurea (TMU),

and N—methylacetamide(NMA)SO-SS).

For these complexes, the ligand~exchangé reactions have also
been studied and the mechaniém for these reactions has been
proposed to be D or I, mechanism34)'except the exchange of HMPA
in UOZ(HMPA)2+, where the exchange proceeds through both the
D and A mechanism534). Besides these ligand exchangc reactions,
it is known that the oxygen atoms which occupy the axial positions

are extremely inert except in the case of irradiation with light
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- 35-38)

of an appropriate wavelength There is also a kinetic

study of the reaction of UO%+ ion with ClCHZCOO—, soi", CHSCOO_,

and SCN by the temperature-jump methong). Recently Ekstrom

and Johnson40) reported the kinetics of the reaction between
UO2+ jon and 4-(2-pyridylazo)resorcinol and estimated the rate

2

constant for the water exchange reaction to be greater than 105

M1 sec™! at room temperature. More recently, Hynes and Regan41’42)

studied the reaction of uranyl ion with g-diketone and obtained
almost the same value for the water exchange rate constant as

that of Ekstrom and Johnson.

The data obtained so far are listed in Table 3.
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B. Introduction
Although some kinetic data have become available with

respect to the reactivity of ligands which coordinate to the

equatorial plane of uranyl ion, the kinetics of the water.exchange
reaction in the equatorial plane of uranyl ion, which seems to
give the most fundamental information about the properties of
uranyl ion in solution, has not been studied. Furthermore,

the coordination number in the equatorial plane of uranyl ion

is somewhat uncertain. The coordination number in the equa-

torial plane ranges from 4 or 5 fbr oxygen donor unidentate

Iigands to 6‘for oxygen donor bidentate'ligands43’44)

The purpose of this study is |

(1) to detérmine the rate constant and the mechanism of the
water exchange reaction in the equatorial pléne;

(ii) to examine the ligand effect on the ligand exchange
reactions in uranyl complexes;

(iii) to find out the relationships between the coordination
number of the equatorial plane of uranyl ion and the
properties of coordinated ligands;

(iv) to measure the exchange rate of the bidentate ligands in
uranyl-bidentate complexes, and to make the mechaniém
clear. |

The present research was initiated by determining the
hydration number of uranyl ion and then studied the water exchange
reaction in the equatorial plane éf uranyl ion by the NMR line-

broadening method. The ligand exchange reactions in UO§+—DMSO
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and UO§+—DMP;'where DMSO and DMF are diméethyl sulfoxide and
N,N—dimethylformamide, respectively, were studied to examine
the ligand effect on the 1igand exchange reactions in uranyl
complexes. Moredver, the exchange reactions of DMSO ian02~
(acac)ZDMSO and UOZ(dbm)ZDMSO (acac = acetylacetonate, dbm =
dibenzoylmethanate), and of DMF in UOZ(acac)ZDMF were studied
in order to examine the steric efféct’on the 1igand exchangé
reactions. The exchange reactions of methyl groups of coordinated
acac in UOz(écac)zL (L = DMSO, DMP and DEF where DEF = N,N-
diethylformamide) were also studied to examine the stereochemical
rigidity of the uranyl complex.

Finally, the exchange reaction of acac in UOz(acac)ZDMSO
was investigated and compared with the exchange reactions of
unidentate ligands in uranyl complexes.

On the basis of these results, the detailed discussion

is given about the properties of uranyl complexes in solutions.
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CHAPTER II

THEORY OF NMR LINE—BROADENINGVMETHOD
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A. General Theory

The first quantitative theory for study of chemical exchange

reaction by the NMR method was developed by Gutowsky et al.l),

and more general treatments of the problem have been developed

by some'authorsz—4). They quatify the concepts for the case of

two-site exchange reaction, which may be represented as

A ™ B ' ' (1)

where A and B are different nuclear sites which are distinguished
with chemical shifts v, = (mOA/ZW) and Vg = (mOB/Zw), and Ty and
Tg are the mean lifetimes in the sites A and B, respectively, and
related with the exchange rate by the following equation (2).

~d[A]l/dt = [A]/TA and -d[B]/dt =V[B]/TB (2)

A transfer of a nuclear spin from A to B causes dephasing at site
B and an increase in magnetization of site B. Similarly transfer
of a nuclear spin from site B to site A causes dephasing at site
A and increases the magnetization of site A;

The Bldch equationssj for sites‘A and B may, therefore, be

modified to the following equations (3) and (4),
. s ' . A |
dGA/dt = —[1(wOA w) + 1/T2A]GA + 1yH1MZ - GA/TA + GB/TB (3)

_ - o oy B |
dGB/dt = _[I(MOB w) 1/T2B]GB + 1yH1MZ - GB/TB + GA/TA (4)
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where GA and GB are the magnetizations of nuclei in sites A
and B, respectively, and w, vy, and Hl are the observed frequency,
the gyromagnetic ratio and the radio-frequency field, respecfive—
ly, and T,, and T,p are the transverse relaxation times in the
sites A and B in the absence of exchange, respectively.

Since the system is sﬁpposed to be in equiliblium, the ratio

of the mean lifetimes in the sites A and B should be equal to

" that of the corresponding fractional populations P.
TA/TB = PA/PB | : . (5)

A
new variable can be defined by Eq. (5), that is,

where P, = [A]/ ([A] + [B]) and Py = 1 - P,. In addition, a

T = 1,P, = T,P “ (6)

If w is swept slowly enough through the resonance frequency, the
magnetization might become stationary. It'is also assumed that
saturation is avoided by choosing a low Hy field. Under these
conditions, the following equation can be applied.

dGA/dt = dGB/dt =0, M =M = P_M (7)

From Eq. (7), the modified Bloch equations become linear

equations 1in GA and GB

“[i(wg, - W)t /T,y + 1/, 016G, + Gp/tp = -1P, YH M, (8a)
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-[i(w - w) 4+ 1/TZB + 1/TB]GB + GA/TA = —iPByHlM0 (8b)

0B

and can be easily solved.. If one defines

Q
il

l/TZA - i(wOA - w) fv (9a)

= 1/T iy - ©) (9b)

B 2B

the total transverse magnetization G = GA + Gy is given by

-iyH, M, [(t, + T4) + T,T,(a,P, + o, P,}]
c = 170 A B A B A'B B"A (10)
(1 + aATA)(l + aBTB) -1

To obtain the spectrum in the absorption mode, it is only
necessary to extract the imaginary part(v) of the complex
quantity. The imaginary part is derived from Eg. (10)

+ DZ)

~No

-~
ot
(-

p—

v = -ivH M, (AC + BD)/(C

where

A=1/1, + 1/TB + PB/T

A on ¥ Pa/Top

B = w,P. + w,P

C = 1/(T,,1p) + 1/ (Typtp) + /(T Top) - @y
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D = wA(l/TZB + 1/tg) + wB(l/TZA + 1/TA)

From Bq. (11), one can dérive the equation corresponding

to some conditions in exchange reactions. One of the conditions

is 1imit of very slow exchange, i.e. TAl, Tél<< |w0A>~ wOBt’

Téi;.Téé. Under this condition, Eq. (11) reduces to Eq. (12)
yH MP, TSy ~H,MPLTS Y
v = + 1 0°B 2 (12)
_2 \2 "2 2
Toa + (wga — @) Top * (0gp - )

and only two separate signals with relative intensities PA and

P, are observed at WA and w,,. The spectrum in this case is

B 0B

given in Fig. la.

When the exchange rate increases and corresponds to the

1

' R -1 -1 -1 . -
conditions, TA , TB <g ‘wOA - wOBt s TA is comparable to TZa’

él is comparable to Té%, Eq. (11) yields the following

equation for v,

and also T

1 -1 : 1 -1 |

) “YHMgPy (Top + Ty) “YH MPp (Top + Tg™) :
v o= + (13)
T 1.2 ) 1 1.2 o2

(T + Ty) oA T W) (T,g * g )" * (g -

+ (w

Again, the signals of the Lorentzian lineshapec are observed

at oA and Wop The only difference between Egs. (12) and (13)

is in the full linewidth at half height intensity of each signal.
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The observed transverse relaxation times of each signal are

given by Eq. (14).

1/Typops = /Ty + Uty and 1/Tppo o = 1/Typ + g (14)

The linewidths are increased by a mean lifetime facor or chemical
exchange factor, Ty OT Tp, because the observed linewidth
in secnl, defined as the full linewidth at half height, is given

_ -1 v . -
by Av = (wTZObS) Therefore, Ta and Ty are simply calculated

from the linewidth of each signal and the exchange rate constants

are obtained. The spectrum in this case is shown in Fig. 1b.

-1 -1 .
> |woa - wop| o

In the fast exchange limit, T Ty
the signal is centered at the weighted average position and

the half linewidth at half height intensity is given by

SRR f L ,
1/Ty = Pp/Tyy + Pp/Tyy + PuPpluwgs - wyg) (1 + Tp) (15)

- If one can estimate precisely the difference of chemical shift,

w in this equation, one can obtain the exchange rate

0A ~ “oB? |
constants by using this equation and Eq. (6). The spectrum in

this case is indicated in Fig. 1d.
The last limit which yields a relatively simple form for

. . . Coe -1 -1
Eq. (11) dis the very fast exchange limit, Ta s T >9

-1 -1

IA TZB“ Under this condition, v is expressed

ooa = @og| - T

by Eq. (16).
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| Sy (P T5p + PyT)3)
v = , (16)
(PpToa * PpTom) "+ (Pywgy * Ppogp - w)?
A sigle Lorentzian signal is observed at (PAMOA + PBMOB)
,and whose linewidth 1is 1/TZObS = PATéi + PBTé%' The spectrum
in this case is shown in Fig. le.
The lineshapes of NMR signals change with the exchange

rate as mentioned above. If such spectrum as Fig. 1b is observed
the Ta and TR values can be easily obtained from the linewidths of

each signal by using Eq. (14). From Eq. (14), 71, and 1y are

given by Eqs. (17a) and (17b)

Vg = UThnons ~ HToa - (Q7a)

1/t = UTypops - 1/Top | | (17b)

where 1/T and 1/T are equal to the observed linewidths,

2Aobs 2Bobs
and 1/TZA and 1/TZB are the linewidths.in the absence of exchange
which are given by Eq. (12). TFor other cases, e.g. Fig. 1lc and
" Fig. 1d, it is difficult to obtain directly the Ty and Ty values
from the linewidths of spectra and hence the computed and experi-

mentally obtained spectra should be matched to obtain Ta and TB

values by using a computer. If the Ta and Ty are obtained, the

first order rate constant is obtained from Eq. (2).
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B. Application to the Present Study

In the present study, the exchange reaction is expressed

by Eq. (19)
-1
TC
*
UOZL§+ + L T—U0,L 4L L § (19)
!

where L represents a exchanging ligand, subscripts c and
F ‘represent = the coordinated and free sites, respectively,
and Tc'and Ty are the mean lifetimes at each site. According

to Eq. (2), Te is related to the exchange rate by Eq. (20)
m+ _ m+
-[U0,L271/dt = n[UO,L " 1/T_ (20)

and hence the first-order exchange rate constant, kev’ is
. A

given by Eq. {(21)

kex - 1/Tc

rate/(n[UOng+])

(KT/h)exp (- AT /RT) exp (AST/R) (21)

i}

If the spectra are measurcd at various temperatures and the
corresponding best—fit’afvalues are calculated, the first-order
rate constants can be obtained from Eq. (21). Then, the
activation parameters, AH# and AS#, can be calculated from

the plots of 1n kek vs. 1/T.

In order to calculate the best-fit TC—Values by a computer,

the following cquation was derived from Egs. (6) and (10), where
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the subscripts A and B were changed to ¢ and F, respectively.

~iyH M [P+ Pp o+ t(Ppa. *+ Peag)] |
G = . (22)

Pcac + PPGF + o apT

where T

1i
av!
,_‘

!
el

c'r T TFc (6 )

Q
Il

L= LT, - iy - o) | | C9a)

ap = 1/Typ - ilugp - ©)

Equation (22) is the function of T, Pc”PF’ TZC’

Wop- The values of PC and PF are calculated from the concen-

TZF’ Wy and

trations of UOsz+ L
n
- m+ m+
PC = n[UOZLn ]/(n[UOZLn 1 + [L]) (23)
PF = 1 - PC ' (24)

and the values of l/T2 and w, with the subscrints of ¢ and F are
equal to the linewidths and chemical shifts of two sites in the
absence of exchange, respectively.

The theoretical spectra can be calculated from Eq. (22)
by using these‘known parameters and appropriate t-values, and
compared with the experimental spcctra. Both spectra are

compared with respect to the following values, i.e. Iinewidths
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at one-fourth, one-half andvthree—fourths maximum intensity,
and, below coalescence, the difference of chemical shift
between the two signal maxima and the ratios of maximum
intensity to the intensity at the central minimum. In this
manner -the best-fit t-values are determined. From Eq. (6 ),

Te and kex are obtained. The program used in the calculation
is similar to that proposed by Binsch6). All computations were

carried out on a Hitach M-200 computer in the Tokyo Institute

of Technology.

Z

Fig. 1. Lineshapes of NMR signals as a
function of exchange rate in the

‘two site exchange reaction.
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CHAPTER III

KINETIC STUDY OF THE LIGAND EXCHANGE REACTIONS
IN URANYL COMPLEXES WITH UNIDENTATE LIGANDS BY

NMR
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i. INTRODUCTION

Only limited kinetic data have been available with respect
to the reactivity of ligands which coordiante in the equatorial
‘plane of uranyl ion1_7). .Particularly, the water exchange
reaction in uranyl aqua ion, which seems to give the most basic
information about the properties of uranyl ion iﬁ solution, has
not been studied, while the rate constant of water exchange has

: : ; 2 -
been estimated from the complex formation reaction to be 10~ M 1

sec T or 10° M_l.sec_l‘l’Bj.

The hydration number of uranyl ion and the exchange rate
of water in urényl aqua compléx, which were determined by the
NMR method, will be presented in this chapter. The ligand exchange
reactions in UO§+—DMSOamd.UO§f—DMF complexes were also studied
to examine the ligand effect on the ligand exchange reactions in the
uranyl complexes. DMSO and DMF molecules have a large»basibity
than that of water and hence it is expected that the structure
and the reactivity of the complexes coordinated by DMSO and DMF
in solution are different from those of uranyl aquarcomplex.
Furthermore, DMSO and DMF has been éxtensively used 1in fhe study -
of the solvent exchange reactions in various metal ibns. The
obtained kinetic data can be compargé with those in various metal
ilons.

On the basis of these results, a detailed discussion 1is
given on the relationship in the mechanism of ligand exchange

reaction, the structure of the uranyl complexes, and the basicity

and the size of 1igands.
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ii. EXPERIMENTAL

| A. Synthesis of Complexes

Uranyl perchlorate stock solutions were prepared by dissolving
USOS in an appropriate amount of perchloric‘acid. The USOS was
prepared by heating UO,(NO;),6H,0 about 920 °C. Concentrations
of uranyl ion in stock solutions Qere determined gravimetrically
and acid concentrations were determined by passing stock solutions
through a Dowex 50W-X12 cation exchange resin column, followed
by titration of the resultant acid solutions with standardized
Ba(OH)Z. .

The preparation of the [UOZ(DMSO)S](6104)2 complex was made
in an atmosphere of nitrogen by refluxing hydrated uranyl pex-
chlorate with triethyi orthoformate at 50-60 °C for 1 hour. Then
dimethyl sulfoxide was added at  room temperature and the resulting
light yellow crystals were filtered off, washed with ethyl ether,
and dried in vacuo for 2 days. Anal. Calcd for [UOZ(DMSO)S](C104)2:

c, 13.94; H, 3.52; S,

et

8.65. Found: C, 13.84; H, 3.49; S, 18.40.
The prepafation of the [UOZ(DMF)S](C104)2 complex was performed
by the sameé method as the synthesis of the [UOZ(DMSO)S](C104)2 |
compléx. Anal. Calcd for [UOZ(DMF)SJ(C104)2: c, 21;59; H, 4.22;
N, 8.39. Found: C, 21.65; H, 4.20; N, 8.50.
Elemental analysis of the complexes was carried out in the

Institute of Physical and Chemical Research,

B. Other Materials

Perchloric acid (HC104)9‘hydrochloric acid (HC1), and hydro-
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promic acid (HBr) (Wako Pure Chemical Ind. Ltd.) are of reagent
grade. Analytical grade acetone (Wako Pure Chemical Ind. Ltd.)

was used. Acetone—d6(CD3COCD Merk 99.8 %), which was dried

3’
over 3A molecular sieves (Wako Pure Chemical Ind. Ltd.), was used

‘as the diluent in the exchange reaction of DMSO in UO%+

—DMSO'
_complex; Dichloradmethane—dz(CD2C12, Merk 99 %), which was dried
over 4A molecular sieves, was used in the exchange reaction of DMF
in UO%+;DMF complex. Dimethyl sulfoxide (Wako Pure Chemical Ind.
Ltd.) was distilled in vacuo, followed by the distillation with

3A molecular sieves, and dried over 3A molecular sieves before
use. N,N-Dimethylformamide (Wako Pure Chemical Ind. Ltd.) was
purified and dried by vaccum distillation from barium oxide.

The distillate was stored over 3A molecular sieves and then
distilled under vaccum and storéd over 3A molecular sieves. Tri-
ethyl orthoformate (Wako Pure Chemical Ind. Ltd.) was of reagent
grade and used without further purification. |

, CD CoCD , and CDZCI2 were used

3

3
follows. Acetone(mp: -95.4 °C) dissolve

[N}
(7]

The reasons why CH,COCH
as the diluents are as
water and uranyl perchlorate and can be cooled down below -90 °C. .

which has a smaller basicity than that of
8,9)

Furthermore, CDSCOCDS,

water according to Gutmann’s donor number concepts’ does not
coordinate to uranyl ion under the present experimental conditions.
Acetone—d6 is thought to have the same properties as those of
CHSCOCHS, and sufficient solubility of the [UOZ(DMSO)S](C104)2
complex makes it possible to observe the methyl proton signal of
DMSO. Dichlpromethz}ne—d2 was used by the same reason as that of
acetono—d6. Acetone~d6 ahd dichloromethane-dz was used as an

NMR lock reagent.
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C. Preparation of Samples

Sample solutions containing a diluent were prepared by
weighting sample substances in a 1 or 5 cm3 volumetric flask
and some of each solution was placed in an NMR tube and sealed.
All procedures except the preparation of samples for the water
exchange reactions were done in a glovekbox filled with dried
nitrogen. Proper precautions were taken to minimize the'probabilityf

of photochemical redox reactiomns.

D. Measurements of NMR and IR Spectra
The measurements of 1H NMR spectra were carried out at 100
MHz on a JEOL JNM-MH 100 NMR spectrometer and JEOL JNM-FX 100
FT-NMR spectrometer equipped with a JNM-VT-3B temperature controller.
For the water éxchange reaction, the spectra of the water protons
in the bulk phase water measured at least three times. For the
v 2e

5 -DMSO complex, the spectra of methyl

proton signals of coordinated and free DMSO were measured a minimum

exchange of DMSO in UO

of three times. Similarly, the spectra of formyl proton signals

of coordinated and free DMF were measured for the exchange reaction

2+
2

Infrared spectra of the {UOZ(DMEJS](C104)2 complex in CD2C12

of DMF in UO; -DMF éomplex.
were recorded in the range 4000-200 cmﬂ1 by using a Jasco DS-701G

IR spectrometer.

E. Kinetic Analysis
Kinetic analysis of all the exchange reactions, except the
water exchange reaction in uranyl aqua ion, were done by the same

method as described in Chapter I1I.
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In the case of the water exchange reaction in uranyl aqua
ion, the first-order exchange rate constants, kex’ were obtained
from the linewidths of bulk water signals. If the relaxation
process is controlled by a chemical exchange process between the
coordinated ‘and bulk water molecules, the fbllowing equationvis
deriﬁed from the Eq. (17) in Chapter II.

1/T 1/T

2 or = g

where T2 and TZF are the transverse relaxation times of’bulk
water protons in fhe presence of uranyl ion and the absence of
uranyl ion, respectively. The mean lifetime Tp is related to
the first-order rate constant by the following equation

kex = PF/(PCTP) = (kT/h)exp(—AH#/RT)exp(AS%/R)

where PC and P. are mole fractions of coordinated and free water

B Ay ~  agipiy S o o 2 N A o~
These mole fractions are expressed by

F
molecules, respectively.
the equation

- . - 2+
PC = 1 -Pg n[UOZ ]/[?pta} HZO]

where n is the number of hydrated water molecules. Hence if the plot
of log (l/T2 - 1/T2P) vs. 1/T give a straight line with a negative

slope, the kex values are obtained from the linewidths of bulk

water proton signals in the temperature range.

For the exchange of DMSO in the UO§+—DMSO complex, the methyl
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proton signals of coordinated and free DMSO molecules were measured.
The formyl proton signals of coordinated and free DMF molecules
for the exchange of DMF in the UO§+-DMF complex were measured.

T T

The values of Pc’ p and wyp @re necessary

F> “2c’ 2P “oc’
to obtain the best-fit t-values by using Eq. (22) in Chapter II.

The values of P and Pn were obtained from the following equation

P_=1-P, = n[UOZL§+]/(n[UOZLi+] + [L])
where L is DMSO and DMF, and n is the number of L bound per UO%+
ion.

The 1inewidths of methyl proton signals of DMSO in CDSCOCDS
“and of formyl proton signals of DMF>in CD2C12 were used as the
values of TZC and TZF in each exchange reaction. The chemical
shifts of methyl proton signals of éoordianted and free DMSO
molecules at -80 °C were used as the values of wocvand W
respectively. Similarly, the chemical shifts of formyl proton
signals of coordianted and free DMF molecules at -80 °C-Wére

used as the values of O and Wop-
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" iii. RESULTS AND DISCUSSION

1. KINETIC STUDY OF THE EXCHANGE OF WATER MOLECULES IN

URANYL AQUA COMPLEXES BY NMR

A. Structure of the Uranyl Aqua Complex in Acetone—d6—
Water Mixed Solvents
From the study of the crystal structure of solid uranyl

10), it is found that the hydration

diperchlorate heptahydrate
number of uranyl ion ié five, where perchlorate ions bind to
cccrdinated water by hydrogen bonds.

Fratiello et al.ll’lz) determined the hydration number of
uranyl ion.to be four in water-acetone mixed solvents by the
NMR method. They sﬁggeSted also that the effects of solvation
of acetone and of the hydrolysis of uranyl ion are negligible,
because the signal of coordinated aceotne was_not.obsefved and
the measured hydration number did not depend on the concentrations of

perchloric acid. Furthermore, it appeares that ClO4 ion is not

present in the first coordination spher
1

of uranyl ion in the

)-

D

presence of excess water from IR data

In view of these previous works, we have followed Fratiello’s
experiments and obtained the same value for the hydrétion number
of the uranyl ion. A typical spectrum of é solution containing

- uranyl ion, water and acetone-d from which the hydration number

6)
1s determined, is shown in'Fig. 1. In this figure,‘tho symbols
of FH 0 and C represent the protoﬁ signals of bulk and coordi-
5 H,0 ;

nated water. - The obtained hydration numbers arc listed i1n Table

1.
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B. Exchange Reactioﬁ of HZO in UOZ(HZO)§+ in Acetone—d6—
Water Mixed Solvents

In the NMR measurehent of water, where the ratio of [HZO]/
[DZO] was 1/10, no line broadening was observed on addition of
uranyl ion at room temperature. This suggests that the water
exchange between the water molecules coordinated to uranyl ion
and the bulk water may be too fast on the NMR time scale’in this
temperature region. However, in the presence of uranyl ion at
temperature below 0 °C the linewidth of the water proron sigﬁal
broadened as the temperature was decreased, and below -50 °C,
two sets of water signals were observed as shown in Fig. 2.
~ The signal observed ih higher field(FHZO) is assigned to the
protons of bulk water molecules, and the downfield»signal(CHzo)
attributes to the water molecules in the first coordination sphere
of the uranyl ion. The linewidth of the water signai(RHZO) in
the absence of uranyl ion broadened slightly as the tempearture
decreased. Table 2 shows the observed linewidths and the values
oy are the transverse relaxation

time of the bulk water protons in the presence and absence of

of (l/T2 - 1/T2F)’ where T, and T

~uranyl ion at various temperatures, respectively. A semilegarithhic
plqt ef (1/T2 - l/TZP) against the reciprocal temperature is shown -
in Fig. 3. This plot is linear with a negative slope over the
temperature range from -60 to -80 9C.‘ The relaxation process'may

be controlled by a chemical exchange process betweenfthe first
coordination sphere and the bulk water molecules; hence the
following equation is applicable in the temperature range from -060

to -80 °C.
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i

kK/T

- Fig. 3. A semilogarithmic plot of (l/T2 - 1/T2F) acainst the
reciprocal tempcrature for the excahange of water

2+, _ an 2+

) ] = 0.139 M, [UO2 ]

AR [H,0] : [CDZCOCDg] = 1 ¢ 0.15 : 15.0 : 93.6.

in uranyl aqua complex. [UO
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Semilogarithmic plots of kex against the reciprocal
temperature for the exchange of water in uranyl aqua
complex. The symbols of (O, A, [1, and <> correspond

to (i), (ii), (i1ii), and (iv) in Table 1.
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Table 2. Linewidths and rate constants for the exchange of

HZO at vardous témperatﬂres in uranyl aqua complex

in the presence of uranyl ion.

b

signal in the absence of uranyl ion.

fol
region,

2+
[U05"]

- 0.139 M and [UO"]

The full linewidth(Av) at a half height of

Temp . Line-width? Line—‘widthb 1/T2 1/T2F kex
°C Hz Hz 10 sec T 102'sec_-1
 61.0 94.6 + 0.0 1.16 29.4 + 0.0 6.61 + 0.00
-65.0 68.7 + 4,1 1.69 21.1 + 1.3 4.74 % 0.29
-69.0 50.1 % 0.4 1,91 15.1 * 0.1 3.41 % 0.03
-71.0 36.3 + 0.6 2.07 10.8 * 0.2 2.42 £ 0.04
-73.0 26.8 + 0.2 2.26 7.71 = 0.07 1.74 + 0.01
-75.5 21.6 + 0.3 2.55 5.99 * 0.10 1.35 % 0.02
-78.0 16.5 £ 0.0 2.99 4.25 % 0.00 0.96 = 0.00
-81.0 13.5 = 0.0 3.98 2.99 + 0.00 0.67 = 0.00
-83.0 14.6 = 0.2 5.03 3.00 + 0.05 c
-86.0  17.4 * 0.3 6.58 3.40 % 0,00 c
a

the water proton signal

1/T2 = mAv

1/T

2F

= TAV

H :
[#,0] [CDgcocns]

F*

The 1linewidth is independent of the chemical exchange in this

The full linewidth(AvP] ata half height of the water proton

1 : 153

L0 983,



1/T2 - 1/TZP = 1/TF = PC/(PFTC) (1)

(kT/h) exp(—AH*/RT)exp(As*/R)

kex - 1/Tc

2+
rate/4[UOz(H20)4v] (2)

The observed exchage rate constants, k__, are shown in

ex
Table 2. The NMR measurements were made in solutions with various
water concentrations listed iﬁ Table 1. The logarithms of the
observed kex values are plotted against the reciprocal temperature
in Fig. 4. The activation parameters obtained from the plots

are listed in Table 1. It is found that kex is independent of
“the bulk water concentration.

-

C. Exchange Reactions of Water Molecules in Various Uranyl Aqua
Complexes |
In Qrder to gain a better understanding of the water exchange
process, additional experiments were carried out using other

substituting species including DMSO molecule, chloride and bromide ion:
In the case of the DMSO experiments, the mole ratio of Uo§+ to

DMSO to HZO was 1 : 1 : 12. Under these conditions the main species
1s considered to be [UOZ(HZO)gDMSOZ+}%%)which_has also confirmrd

by our measurements of the area of the NMR signals of both the

coordinated(C ) and‘the bulk water (¥ ) as shown in Fig. 5.
. Hzo HZO
In the chloro and bromo complexes, the mole ratios of UO%+ to C1

4 2+
to HZO and of UO2 )

respectively. Tigures 6 and 7 show the spectra of solutions contain-

2+ 2+
27 2’

to Br to H,0 were 1 : 1 : 30 and 1 : 1 : 18,

ing UO HCL, H,0 and CH COCH., UO sCOCH, at

2 HBr, HZO and CH
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L I ] T T T ]
A O _
| = i
- L |
1 ! 1 » ‘ l §
4.0 5.0 6.0
- kK/T
A semilogarithmic plot of (]_/,TZ - I/TZP) againgt the yecip’focal

temperaturc for the exchange of water in uranyl mono DMSO,
. Je ‘
mono chloro, and mono bromo complexes: (), [UOZ ] = 0.150 M,

[UO§+} . [DMSOT] ¢ [HT] - [H,0] : [CH.COCH ] = 1 : 1.0 : 12.0

51
2+ 2+ .
84.6; [1, [U0,"] = 0.145 M, [UO5"] : [HC1] : [H,0] : [CH;COCH,]

=1 : 1.0 : 27.9 : 90.4: A\, [U0Z"1 = 0.145 M. [UO%+1 : [HBrl. :
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_90 °C, respectively. Although there is some uncertainty in
the measurement of the NMR signal areas for these complexes, it
seems most probable that under the conditions reported here, the
main species are the monochloro and monobromo complexes, in these
systems

In the same way as for the aqua complex, the logarithms of
(1/T2 - 1/T2F) values were plotted against the reciprocal temper-
ature for these complexes as shown in Fig. 8. It can be seen
that the region where the relaxation process is controlled by only
chemical exchange is very similar to that obtained for the aqua
complex. The rate constants which were obtained by the same way

as for the water exchange in the aqua complexes, and the resulting

activation parameters are shown in Table 3.

D. Mechanism

The rate constants of the water exchange reaction in the uranyl
aqua complex are independent of the bulk water concentrations.
This fact Suggests‘that the water exchange in uranyl aqua complex
proceeds through'eithef the dissociative(D) or the dissociative
interchange(ld) mechanism 4).

The D mechanism is represented by Eq. (3)

2+ ® kd 2+ *
U0, (H,0)5" + H,0 ———> U0, (H,0)%% + H,0 + 1,0
2 WYy 2 A S 2
slow :
(3)
> U0, (11,0) 1.0 27 + 1,0
oot Uy V) 5, 2

where the asterisk is a typographical distinction only. In this

Mechanism, the rate-determining step is the dissociation of water
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from the first coordination sphere leading to the formation of
a trigonal-bipyramidal intermediate. The first-order rate constant,

k > 1s given by Eq. (4).

ex d ‘ (4)

In the Id mechanism the rate-determining step is also
primarily governed by the dissociation of the coordinated water

molecule. The reaction scheme is shown by Eq. (5).

K k
- I
2+ % oS . 2+ % R
U0, (H,0) 3" + Hy0 === U0, (H,0) ;" ---H,0 >
fast slow (5)
UO. (H.0) 1.0 2% oo 0 ——— U0, (H,0) ,H,0 2% + H 0
o (H0) 51,0 7 - -~ 2 (H50) 5Hf 2

fast

where the exchange of HZO-occurs within an outer-sphere complex

+ ® . . Ao .
UOZ(HZO)Z ——-HZO. in which the entering HZO is in the second
coordination sphere immediately adjacent to UOZ(HZO)E+ and kI

*

is the corresponding rate constnat, and KoS = [UOZ(H20)2+-~—H20 1/

2+
([U0, (H,0) " 1[H,01).

From this mechanism, kex is expressed by Eq. (6).

kex = kIKOS[HZU]/(l + KbS[HZO]) (6)
whi i ifi = ' 1 ccnang
hich simplifies to kex kI when KOS[HZOJJ» 1, i.e. the exchange
rate becomes independent of bulk water concentrations as observed
in this experiment. Both D and Id mechanisms can explain the
results of the water exchange reaction in the uranyl aqua i1on.

However, the D mechanism scems to be unlikely becausc the axial
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oxygen atoms in the uranyl ion are extremely inert and hence
are unaffected during the water exchange reaction. The structure
of the intermediate in the D mechanism is most probably a tri-
gonal-bipyramidal species and the D3h symmetry of this. structure
is unfavorable with respect to bond formation between the urényl
d- or f-orbitals and the sigma orbitals of the equatorial ligands.
Thus, the trigonal-bipyramidal uranyl intermediate 1is not 1ikely.
As mentioned above,;the.rate constant of the water exchange
reaction is independent of the water concentration. If the
condition, KOS[HZO]§>1, is satisfied, the Id mechanism would appear
"to be reaéqnable. This condition can be fulfilled in these
solutions beéause the mole ratios of‘UOg+ to HZO to CDBCOCD3
are in the range from 1 : 13 : 94 to 1 : 25 : 89 and the basicity

of H,0 is thought to be larger than that of CDSCOCD3 on the basis

8,9)

2

of the Gutmann’s donor number (DN) and hence the second co-
~ordination sphere of the uranyl ion should be saturated with water.
Therefore, it may be more plausible'that the water exchange in
uranyl aqua ion proceeds through the Iq mechanism.

This mechanism explains the observation that the value of
AH# for the aqua complex is considerably larger than those for
the DMSO, chloro-, and bromo-complexes. Since stromng basic
ligands such as DMSO or the negatively charged ligands, e.g. Cl
and Br in the coordination sphere may serve to weaken the bonds
between the uranyl ion and the coordinated water molecules, the
Values of AH% could be reducedrfdr the mono-substituted complexes,

This mechanism can also explain the large negative values

o
£ T . . -
0f AS' observed in the mono-substituted complexes. Lor these
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complexes, the water molecules entering the inner sphere will be
hindered by the relatively strong inner sphere ligands as compared
with water and, therefore, the probébility of the intermediate
complex formation will be reduced. AS a result, the exchange
rate for the mono-substituted complexes becomes slower than that
for the aqua complex at room temperature in spite of the smaller
values of AH#;

Ekstrom and Johnsond) studied the kinetics of the reaction
between the uranyl ion and 4-(2-pyridylazo)resocinol (PAR). The
activation enthalpy of this reaction was 34.2 kJ mol_l. Although
‘this value is slightly smaller than that reported here for the
water exchange process of the uranyl aqua complex, the activation
energy for 1igand substitution appearesgto correspond to the energy of
bond rupture between the uranyl ion and the water molecules.

It is of interest to nbte that they estimated the rate consfant
for the water exchange process to be greater than 10° M1 sec™t
at Toom temperature;' And also Hynes and Reganis) studied the
kinetics of the reaction between the uranyl ion and thenoyltri-
fluoroacetone and obtained almost the same value as that of Ekstrom

and Johnson.  These values are in very good agreement with the

experimental results reported here.
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2. KINETIC STUDY OF THE EXCHANGE OF DIMETHYL SULFOXIDE

IN URANYL PENTAKIS(DIMETHYL SULFOXIDE) ION BY NMR

3COCD3

Figure 9 shows the 1H NMR spectra of the solution containing

A. Structure of[UOZ(DMSO)S](C104)2 in CD

[UOZ(DMSO)S](C104)2, DMSO and CDSCOCD3 at -49 °C. In comparison

with the spectrum of pure DMSO, the signals of (a) and (b) were
assigned to the methyl protons of coordinated and free DMSO,
respectively. The number of coordinated DMSO molecules was deter-
mined by area integrations of the coordinated and free DMSO Signals
rand the results are listed in Table 4.

‘ The absence of any significant variation of the number of
coordinated DMSO molecules over these Conceﬁtration ranges in

Table 4 indicates that neither CDBCOCD nor perchlorate ion enters

3

into the first coordination sphere of uranyl ion, and the absence
of any splitting of the coordinated DMSO signal indicates that
the five coordinated DMSO molecules occupy the equivalent equa-
torial positions of the uranyl ion. This result is different

from that of Fratiello et al}JJ in which the coordination number

>

was determined to be four. However, uranyl ion seems unlikely to be

fully coordinated by DMSO under their experimental conditions, in which

DMSO was added to UOZ(C104)2 in acetone-water mixed solvents.
It iS Well kHOWn that UOZL§+(L =‘1igand) haS a‘pentagonal bipyra_
midal structure in the solid state of in CD2C1j—7’1QI

it can be assumed that UOZ(DMSO)§+ ion has a similar structure

Therefore,

in
CDBCOCDS.
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.Expt. ‘ , Calc.

100 H
Temp./K ? T/msec

W 0.44
288 wﬁﬁgﬁggﬁ%ﬁgﬁ | AN

™

Fig,

~hand sides of the figure, rec

9. Experimental(left-hand side) and best-fit calculated

1H NMR lineshapes of a solution cbnsisting of UOZ(DMSO)ST
(0.0112 M), DMSO(0.0730 M), and CD COCD(13.5 M)

Temperatures and best—fit T-values are shown at left- and right-

pectively. The signals of (a)

192}

nethyl protons of coordinated and

=

and (b) correspond to the

free DMSO, respectively.
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B. Exchange Reaction of DMSO in UO,(DMSO)Z" Ton in CD,COCD,

The change in the lineshape of methyl proton signals of the
coordinated and free DMSO with temperature is shown at the left
side of Tig. 9. As is seen from Fig. 9 it is found that a co-
alescence of the coordinated and free DMSO signals occurs with
the rise of temperatufe. This phenomenon indicates that the DMSO
exchange occurs between the coordinated and free sites. Therefore,
we determined the best-fit t-values at each temperature by the
method described in Chapter II. The obtained t-values are shown
on the right side of Fig.r9. The first-order éxchange rate
constant, kex’ whiéh is represented by Eq. (7), was caléulated

by using E (21) in Chapter II -

q;

rate/S[UOZ(DM50)§+]

=
It

ex

il

(kT/h)exp (-AHT/RT)exp (AST/R) (7)

The same measurements were carried out for the solutions
with different compositions listed in Table 4. The Semilogarithmic
plots of kex against the reciprocal temperature are shown in Fig.
10 and it is apparent that kex depends on the DMSO concentration.
The plots of kex vs. [DMSO] give the straight lines

as shown in Fig. 11 and ke can be expressed by Eq:. (8)

X

ko, = kg + k,[DMSO] (8)

The values of k, and k., are obtained from the intercepts and
2 ,

1

the slopes in Fig. 11, respectively

and the rTesults are 1is

ot

ad
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Fig. 10. Semilogarithmic plots of kex against the reciprocal

. 2+
temperature for the cxchange of DMSO in UOZ(DMSO)S

The symbols of O, N, Ej, <>, and (} correspond to

(i), (ii), (iii), (iv), and (v) in Table 4.
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Fig. 11. Plots of kex vs. [DMSO] for the exchange
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of DMSO in UO,(DMSO)¢ . (O : -35 °C;
A :o-40 °c; O -a5 °c; ro-50 °C.
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in Table 5. The semilogarithmic plots of k1 and kz against the
reciprocal temperature in Fig. 12 yield the activation parame-

ters for kl and kzkpaths and the results are tabulated in Table 6.

Table 5. The values of kl and k2 at various temperatures

for the exchange of DMSO in UOZ(DMSO)%+

Temp. kl kz

: ‘ sec™t 102 M lsec?
-35 18.0 = 4.7 4.88 + 0.22
40 10.2 + 4.8 3.27 + 0.23
-45 7.06 =+ 3.82 1.97 + 0.18
-50 2,79 + 1.60 1.38 + 0.08

Table 6. Kinetic parameters of kl and kZ paths for the
exchange of DMSO in UOZ(DM80)§+

o ss? ks o)

kT mol * JK tmo1 7t | 10° sec?
k, path 53.8 + 2.4 6.3 + 14.5  5.53
ké'path 39.1 & 1.7 -28.1 & 5.0 32.2 /M1

: Calculated values from st® and As® at 25 °C.
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¢. Mechanism

It is found that the exchange reaction of DMSO in UOZ(DMSO)§+’
proceeds through two paths, that is k1 and k2 paths. The kl path,
Qhere the exchange rate is independent of the free DMSO concen-
trations, seems to be consistent with the D mechanism. On the
other hand, the kz path exhibits a first-order dependence on the
free DMSO concentration and seems to proceed through ﬁhe Id or
‘associative(A) mechanism14).
The D méchanism is expressed by Eq. (9)

2+ * fa 2+ *

UOZ(DMSO)5 + DMSO -—;Z;;~—% UOZ(DMSO)4 ,+ DMSO + DMSO

(9)
2+

ES
U0, (DMS0) , DMSO + DMSO

fast
In this mechanism, the rate-determining step is the dissociation
of DMSO from the first coordination sphere of uranylvion and hence
a four-coordinated intermediate in the equatorial plane is formed.

The A mechanism is represented by Eq. (10)

k
2+ * a . 7'&'2+
UOZ(DMSO)5 + DMSO ————> UOZ(DMSOJSDMSO
slow
(10)
B a0
UOO(DMSO)ADMSO + DMSO
L t .

fast

' s X . . ' +
The rate-determining step is the coordination of DMSO to UOZ(DMSO)é
ion leading to the formation of a six-coordinated intermediate in
the equatorial plane.

Another mechanism, Il is given by Eq. (11)
. ¢ N
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Ko k
" 0S X I
o, (DMS0) 2% + pMSO” T———" vo., (PMS0) 4t ---DMSOT ——s
2 5 2 5
fast slow
(11)
*2+ *2.]. 7
U0, (DMS0) ,DMSO " “" -~ -DMSO —— U0, (DMSO) , DMSO + DMSO
fast '
where K__ = [UO, (DMSO) 2" ---DNS0]/ ([UO, (DMSO) 2*] [DMSO]). As was

described previously, the bond breaking between UO%+ and DMSO

in the first coordination sphere mainly contributes’to the acti-
vation enérgy. The DMSO exchange occurs within an outer-sphere
complex aﬁd kI is the correspondiﬁg rate constant.

If the kl and kz paths proceed through the D and ‘A mechanisms,

rGSpéctively, keX is given by Eq. (12) from Eqs. (9) and (10)
+ ka[DMSO] (12)

where kd,and ka correspond to kl and kz in Eq. (8), respectively.

On the other hand, if the k, and k, paths occur through the D

and Id mechanism, the following equation is derived from Egs. (9)

and (11)

k = (k, + kIK

Yigd \ + AN 10 \
K, o [DMS01)/ (1 + K [DMSO]) (13)

When K o [DMSO] &« 1, Eq. (13) is simplified to

S

k =k

| o 12
ok g+ kK o [DMSO] (14)

where kd and kIKos correspond to k, and k, in Eq. (8), respectively.

1 2
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gence both Eqs. (12) and (14) are consistent with the experimental
results. |
In both mechanisms, the D mechanism should have a four-

coordinated intermediate in the equatorial plane. The formation
of such a four-coordinated intermediate may be supported by fhe
following fact, i.e. the existence of the four-coordinated uranyl
complexes is well establised, e.g. UOZ(H‘ZO)i+ in solutionll’lz),
UOZ(HMPA)if(HMPA = hexamethylphosphoramide) in’solution and solid
statel6’l7), and UOZC12(pph3)2 (pph3 = triphenylphosphine oxide)
in solid statel8). Therefore, it is reasonable to assume that
the kl path proceeds through the D mechanism.

Next we deal in analogous way with the k2 path which is
assumed to proceed through the Id or A mechanism. If the kz path
occurs through the Iq mechanism, it 1is requiredbthat the value of

K, is much smaller than 1.0 ML to satisfy the condition

easonahle because DMSO

-

KO;[DMSO}<§>1. This value seems to be
molecules are uncharged. In the A mechanism which is another
possibility for the kz path, a six-coordianted intermediate in
the equatorial plane should be formed. It is likely that the
UO%+ ion forms the six-coordianted intermediate with DMSO in the
equatorial plane because it has been well known that the UOE

ion forms six-coordianted complexes in the equatorial plane’
with small ligands, e.g. UO,(CH,C00) and Uoz(c03)§"1939 Tt
might be difficult to distinguish unequivocaliy whether the k2

path occurs through the A or Id mechanism from the present kinetic

results.
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It has been generally known that if the exchange reaction
proceeds through the A mechanism, the exchange rate is subjected
to some steric effect. We studied the exchange of DMSO in UOZ—
(acac)éDMSO (acac = acetylacetonato) in CDSCOCD3

Chapter IV. In this exchange reaction, the exchange rate was

as described in

independent of the free DMSO concentrations and the rate constant
was smaller than that of the exchange of DMSO in UOZ(DMSO)§+.
These facts can be interpreted by considering that acac is a bulky
chelating ligand and may hinder the approach of incoming DMSO to
the first coordiantion sphere of UO%+.

From these results the A mechanism is most likely for the

k., path of the DMSO exchange in UOZ(DMSO)§+.

0)

2

~Recently, Lincoln et al.2 also reported the DMSO exchange

. 2+ .
in UO2 (DMSO)5 in CDSCOCD3

because the exchange rate of DMSO was independent of the free

and the mechanism to be the D or Id

DMSO concentrations, which is a different conclusion from the

concentration ranges of DMSC and hence it is probable that they

could not observe the dependence of the DMSO exchange rate on the

free DMSO concentrations.
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3. KINETIC STUDY OF THE EXCHANGE OF N,N-DIMETHYLFORMAMIDE

IN URANYL PENTAXIS(N,N-DIMETHYLFORMAMIDE) ION BY NMR

A. Structure of [UDZ(DMF)S](C104)2 in CDZCl2

Figure 13 shows the 1H spectrum of a solution containing
[U0, (DMF) ¢](C10,),, DMF, and CD,Cl, at -80 °C. 1In comparison with
the spectrum of pure DMF,vthe signals (a) and (b) are assigned
to the methyl protons of free and coordinated DMF, respectively.
And also the signals (c) and (d) are attributed to the formyl
protons of free and coordianted DMF, respectively. The number
of coordianted DMF molecules was determined by area integrations
of the methyl and formyl proton signals of free and coordinated
‘DMF, respectively and the results are listed 1n Table 7.

The absence of any significant Variatioﬁvof the numbér of
coordianted DMF molecules over the concentration range in Table
7 indicates that neither CD2C12 nor perchlorate ion enters into
the first coordination sphere of uranyl.ion. The signal of methyl
protons of coordinated DMF should essentially be a doublet. However,
the observed methyl proton signal of coordinated DMF is a singlet,
while that of the free DMF is a doublef and the formyl proton
signals of both free and coordinated DMF are singlets. This
phenomenon has not been obéerved in other DMF complexes, e.g.
Al(DMF)2+, Ga(DMF)2+, and Bc(bMP)i+ 21_23). This may be due to the
rotation on the C-Nbond in coordinated DMF molecules, which is assumec
to be too fast on the NMR time scale in this temperature fange, or to

the equalization of chemical shifts of both methyl groups of co-

ordianted DMF molecules caused by the magnetic anisotropy of the uranyl
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jon. The former is not likely because the IR spectrum of this
complex 1in CD2C12 give the value of 1642 cm_1 for the C-0 stretch-
“ing of DMF, which is 33 cm"ljlower‘than that observed in pure DMF
(1675‘cm_1). This fact suggésts that the DMF molecules coordinate
to uranyl ion through oxygen, since the C-0 stretching, so called
Amide I, is shifted to a lower side when DMF is coordinated

24—26). Such coordination tends to increase the

through oxygen
double bond character of the C-N group, and hence makes more
difficult the rotation along:the C-N bond.

| On the other hand, it is more likely that the magnetic an-
isdtropy of the'uranyl ion may introduce the degeneration of
the doublet of the methyl groups of coordinated DMF. Pople et
al. 27) gave the_equation‘for the chemical shift(A6) caused by the

anisotropic field

: e 2o 23
AS = Axatdmic(I 3cos”y)/3R (15)

= X . (parallel to axis) - ¥ (perpendicular

wh A }
ere Aax atomic rfatomic

atomic
to axis), in which the axis is taken to be the 0=U=0 axis, R is the
disfénce of the proton from the uranuim atom, andfyis the angle
between a straight line connecting the proton and uranium atom

and the 0=U=0 axis. The Value.ofrAxaéOmic'is obtained by Eisenstein
et al.zg) to be -2.74 x 10_28. From this equation, 1t is expected
that the chemical shifts of both methyl groups of coordinated

DMF become identical at the particular values of v and R. 1In

9)

A i 2 . '
fact, Lincoln et al. estimated the values of AS for both methyl
~ 8Toups of coordinated DMF by using Eq. (15) and found out that

the calculated values werc consistent with the experimental onecs.,
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They insisted, hence, that the magnetic anisotropy is a contri-
puting factor to the equivalent chemical shift of the methyl
groups of bound DMF. - Since the DMF methyl proton signal of

_ 3
Figs. 18 and 19 in Chapter IV in spite of the coordination of DMF

Uoz(acac)zDMF in CDBCOCD and CD2C12 is a doublet as shown in

~in the same equatorial plane of uranyl ion, the values of y and
R appeared to be possibly.different from those mentioned above.
Furthermore, the absence of any splittihg of the coofdinated
DMF formyl proton signal indicates that the five molecules of
coordinated DMF have the equivalent equatorial positions of the
uranyl ion, These results confirm that UOZ(DMF)é+ ion in CDZCl2

has a pentagonal bipyramidal structure.

Table 7. Solution compositions and coordination numbers for

the exchange of DMF in UOZ(DMF)S+

Solution  [U0,(MM) (" 1% [owr]®  [epc1) CNC
1070 M M M
i 3.60 0.0123 16.2 5.2 % 0.1
ii 6.11 0.0304  16.1 5.1 % 0.3
iii 6.47 0.0739 - 16.1 5.1 ¢ 0.1
iv 5.75 0.130 15.2 4.8 5 0.2
v 29.0 0.588 14.5 5.0 + 0.1
" Added as [UO,(DMF); ](C10,),. ° Added as DMF. © cN -
2+

number of DMF molecules bound per UO ion.

2
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B. Exchange Reaction of DMF in UOZ(DMF)§+ ITon in CD,CI1

2772

A typical temperature dependence of lineshape for the coordinated
and free DMF is shown at the left side of Fig. 14. This figure
shows that the DMF exchange reaction occurs between the coordi-
nated and free DMF., The best-fit t-values were determined by the
same method described in Chapter IT and are shown on right side
of Fig. 14 togéther with the corresponding lineshapes. From these
t-values, the first-order rate constants, kex’ were calculated

by using Eq.(21) in Chapter-II and kex is given by‘Eq.(16)

bt
]

oy 2%
ex rate/5[U0, (DMF) ¢ ]

(KT/h)exp (-AHT /RT) exp (AST/R) (16)

The same measurements were carried out for the solutions
with different compositions listed in Table 7. Thé'logarithms
~of obtained k., are plotted against the reciprocal temperature 1in
Fig. (15), which shows that keX depends on the free DMF concen-
trations. The plots of kex against the DMF concentration do
not yield a simple linear relationship,_as seen in Fig. 16, but
the intercepts and the limiting values at high concentration

region.
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Experimental(left-hand side) and best-fit calculated

1 2|..

H NMR lineshapes of a soluticn consisting of UO (DVF)S
(0.00611 M), DMF(0.0304 Mj, and CD2612(16.1 M)
Temperatures and best-fit t-values are shown at left-

and right-hand sides of the figure, rcspectively.
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¢. Mechanism

Figure 16 suggests that the DMF exchange reaction in UOZ-
(DMF)§+ proceeds through two paths, that is, one is the path
which is independent of the free DMF concentrations, and another
is the path which depends on free DMF in its low concentration
region and becomes independent of free DMF in high DMF concen-
tration region,

This can be given by Egs. (17-a) and (17-b), in which the
DMF exchange reaction is assumed to proceed through the D and

T, mechanisms.

d
k
. . 2 d %
UOZ(DMF)5 + DMF — 10. (DMF)4 + DMF + DMF
slow
(17-a)
‘ 94
> UOZ(DMF)4DMP ..+ DMF
fast
K k.
2 0S I
UOZ(DMF)E + DMF ——— U0 (DMP)‘T———DMP ey
fast slow
(17-b)

[ e I

UOZ(DMF}4DYF 4T - -DMF

>UOZ(DMF)4DMP*2+ + DMF
fast

‘where detailed descriptions for these mechanisms are given on
pages 03-64, These mechanisms lead~t0'the'following equation
for k

ex

koo = (kg *+ kGK _[DMF1)/(1 + K__[DMF]) (18)

ex d I

oS

This expression can be simplified to k__ = k, + k K _[DMF] when
ex d I 0s

I [DMF] <« 1. This corresponds to the dependence of kcY on. the

DMP concentration in the low concentration region. If the valucs
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of KOS[DMF] are much larger than unity, Eq. (18) becomes keinkI’
which agrees with the fact that the DMF exchange rate becomes
independent of the DMF concentrations in the high concentration
reglion.

The values of kd’ k. and KOS were calculated by using non-

1
linear 1east—squareé method and are listed in Table 8. The solid
lines in Fig, 16 are the best-fit lines obtained from thé calculated
Vélues of kd’ kI and Kos’ and indicate that the expetrimental data

:are in fair agreement with the calculated values. From Fig. 17,
in which logarithms of kd and RI are plotted against the recipfocal
temperature, the activation parameters for kd and kI paths Were
obtained and are listed in Table 9.

Despite the fact that the values of KOS are larger than

that expected from the Fuoss equationSO)

, these values are fairly
reasonable by considering the large basicity and the relatively
large dipole moment of DMF(3.86 D)Yl), It is seen from Table 9

that kI path contributes predominantly to the DMF exchange reaction,

o

vand the positive activation entropy suggests that the kI pat
proceeds through the Id meéhanism.

These results are different from those of Lincoln et al.Bl).r
In their experiments, the first-order rate constants are obtained
from the lineshapes of the DMF methyl proton signals and the
Concentration range of free DMF(0.00213 - 0.04323 M) is lower
than that of the present experiments(0.0123 - 0.588 M). They
Suggested that the rate of DMF exchange 1is independent of free

- DMF Concentrations, and that this exchange reaction proceeds
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reciprocal temperature for the exchange of DMF

. ‘ 2+
in UOZ(DMF)5 .
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Table 8. The values of kd’ k and K,s at various

I’
temperatures for the exchange of DMF in UOZ(DMF)§+

Temp. kd kI Kos
°C 2 3 -1 1
107 sec 107 sec M
-45 2.10 + 0.39 5.08 * 0.12 1.15 * 0.14
50 1.50 + 0.21  2.94 # 0.07 1.15 + 0.08
-55 0.72 + 0.10 1.51 + 0.03 1.36 * 0.04
-60 0.43 + 0.05 0.83 + 0.01 1.36 %

0.02

Table 9. Kinetic parameters for kd and kI paths in the

exchange of DMF in UOZ(DMF}§+

aHY as® k(25 °C) 2
R I T Z
kJ mol 1 JK "mol ~ 104;sec 1
k; path 12,0 + 2.1 -15.1 + 3.3 4.70
kI path 48.3 =+ 0.9 38.6 * 2.6 2354

+
-

% Calculated values from AH and AS" at 25 °C.
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through the D mechanism. However, if the exchange reaction
proceeds through only the D mechanism, the exchange rate might
become fast by the steric effect. In order to examine this steric
effect, the exchange reaction of DMF in UOZ(acacszMF has been
studied as shown in Ghapter'IV. From Table 14 in Chapter IV, it
is found that the DMF exchange rate constant in UOZ(acaCJZDMF

is smaller than that of DMF in'UOZ(DME)§+.

A recent studygz).on the substitutionreactions of UOZ(DMP)§+

proceed through the I, mechanism and that the rate comstant, kI,
A

for interchange path(sec_l) and the activation parameters, AH

L mo1™y at 25 °C are 1.5 x 102, 56.7,

-14.3 for SCN and 1.5 x 103, 50.4, -19.7 for N%, respectively.

(kJ mol—l) and AS$(JK_

Although the solvent used in their experiments is different
from the present ones, the rate constants are much smaller than
those of the DMF exchange in UOZ(DMF)§+.

These facts may support that the the exchangé reaction
2+ '

5

of DMFvin'UOZ(DMF) proceeds through not only the D mechanism

but also the Id mechanism.
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iv. SUMMARY
The results of the ligand exchange reaction in uranyl

complexes, which have been measured up to the present, are shown

in Table 10. In these complexes, ligands coordinate to the uranyl

+11)

ion through oxygen. All complexes except UOZ(HZO)i and

UOZ(HMPA)i+ 16), have the pentagonal bipyramidal structures.

The structure‘of‘the uranyl aqua complex in solution is different
from that in the solid state, while the UO§+¥HVPA complex has
the same structure in solution and in the solid state. It has
been also known that UO%+ ion formes six-coordinated complexes
in the equatorial plane with small-ligands, e.g. UOZ(CHSCOO}%

and UOZ(CO3)§— in the solid state 19)

It is interesting to point out that UO§+~ion has various
coordination numbers, depending on the ligands. It might be

reasonable to assume that the difference in the coordination
numbers of uranyl complexes is attributed to the basicity and
size of ligands. The ligand having large basicity can strongly
coordinate to UO%+ ion, and the ligand size affects the bulkiness
in the equatorial plane. The Gutmann’s donor number(DN)S’g)
and molar Volume(Vmol), which are used as the measure of the
basicity and the size of ligands, reépectively, are also listed
in Table 10. By comparison of these values with the coordination
number in the equatorial plane, it is. found that the assumption
is almost varid as mentioned below. The complexes coordinated
with ligands, which have relatively large donor numbers and

smaller molar volumes than HMPA, are the five coordinated specics
H i

in the equatorial plane. ©OCn the other hand, HMPA has a large

}s]
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donor number and a large molar volume, and hence the equétorial
plane becomes bulky. As avresult, five HMPA molecules can not
coordinate to the equatorial plane of the U_O%+ ion. 1In the case
of HZO’ the molar volume is small and the steric‘hindraﬁce in
the equatorial plane could be small. However the donor number

of H,O is so small that the coordination number stays 4 in the

2

equatorial plane.

mechanisms because the basicity and size of ligands contribute

to the structure of intermediates in the reactions. The HZO

exchange reaction in UOZ(HZO)i+ does not proceed through the A
mechanism in spite of the possibility of the formation of a five-
coordinated intermediate in the equatorial plane by considering the
structure in the solid state, while the HMPA exchange 1in UOZ(HMPA)2+
proceeds through the A mechanism. As mentioned above, HMPA has

.a 1arge'donor number and hence can form a five-coordinated inter;
mediate in the,equatérial plane despite the large molar volume,
whereas the donor number of H,0 scems to be too small to form

such a intermediate. Among the five-coordinated complexes in

Table 10, only UOZ(DMSO)§+ has the reaction path through the A
mechanism, in which the six-coordinated intermediate is formed. -
This fact can be also accounted for by the large donor ﬁumber and

the small molar volume of DMSO. L;gaﬁdsj other than DMSO, have

~the large molar‘volumes and the small donor numbers compared with
DMSO and tend to have the D or I4 mechanism, in which the dissociation
of these bulky ligands moderate a crowded structure in the equa-
torial plane. | |

As mentioned above, it is suggested that the structure of
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yranyl complexes in solution and the mechanism of ligand exchange
reactions in uranyl complexes closely relate to the basicity and
size of ligands.

A correlation between the activation enthalpy for the
solvent exchange reaction and the solvent basicity has been
prdposed recent1y33’34). Funahashi and Jordan_have'proposed that

the following equation holds between AH* and DN,

2 (19)

sH* = aDN - bDN
where a and b are empirical fitting constants depending on metal
ions. This relation is based on the idea that if the mechanism
is dissociative, rHT is propotional to the solvent basicity and
metal acidity, and the metal acidity may vary linearly with the
coordinated solvent basicity. They have found that Eq. (19) holds
for the solvent exchange reactions in Ni(II), Co(II), Fe(II) and
Mn(I1).

T oo
he appl
PI

t
h
W

cability of Eq. (19) to the ligand

f=le

We tried to test
exchange reactions in uranyl complexes, buf a good agreement was
not obtained, and the following equation rather than Eq. (19)
seems to applicable to these ligand exchange reactions as shown

in Fig. 18.

AHT = aDN

Such a relationship has also been found by Chatt@padhyay et al.2®)
However, some authors have pointed out that thcse simple relations

are incidental and cannot be applied gcnerally to the ligand
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exchagne reactions 36,37),

On the other hand, Benetto and CaldinSS) have proposed that
if the solvent exchange reaction proceeds through the same mechanism, -
the plots of AHY and AS# yield the linear relatiomship and this
isokinetic relationship is due to the rearrangement of solvent
oridiluent~arround the metal ion, followed by the simultaneous
formation of the transition state. This interpretation‘for the

33) and

activation parameters is different from those of Hoffman
Funahashi34) . Lincoln ét.a1.6) have reported that this iso-
kinetic relationship is applicable to the ligand exchange reactions in
U02L§+ in Table 10 and the surface charge density of these uranyl
complexes lies between that in Ang+ and MLé+ (M = Ni, Co, Mn,
Fe, V and Mg). |

If the interpretation by Benetto et al. is valid, this
result indicates that the difference in the activation parameters
for the éxchange reactions in uranyl complexes is due to the re-

arrangement of outer solvents of the first coordination sphere

of uranyl complexes.
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CHAPTER IV

KINETIC STUDY OF THE SOLVENT EXCHANGE REACTIONS
IN THE SOLVATED URANYL B-DIKETONATO COMPLEXES

BY NMR
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i . INTRODUCTION

In the previous chapter, kinetic results were described
for the exchange reactionsvof DMSO in UOZ(DMSO)5+ in CDSCQCDS
and of DME in UO, (DMF):" in €D,C1,.

It . is difficult to determine unequivocally the mechanism
of the exchange reactions of DMSO and DMF from usual kinetic
’results. Particularly, it was not evident whethar the mechanism
for the kz path of the exchange of DMSO in UOZCDMSO)§+ was either
I or A mechanism. '

Therefore, the exchange reactions of DMSO in UOZ(acac)z—

- DMSO and UOZ(dbm)ZDMSO (acac = acetylacetonate, dbm = dibenzoyl-
methanate) are studied in order to examine the steric effect

on the DMSO exchange rate. It is expectedbthat if the kz-path
of the DMSO exchange in UOZCDMSO)é+ proceeds through the A
mechanism, the rate for the exchange of DMSO in UOZ(acaCJZDMSO
»and UOZ(dbm)ZDMSO will become slower than that in UOZ(DMSO)E+

ing ligands, acac and

‘-

owing to the steric effect of bulky chelat
dbm,

The exchange reaction of DMF in UO (acac) DMF was also
studied for the purpose of the comparison with the DMSO exchange
in UO (acac] DMSO ‘and the DMF exchange in UO (DMF)S

This type of complex, UOZ(B—dlketonato)ZL;(L= donor solvents),
has been studied extensively in the view of the extraction of
uranyl ion1_7), where B-diketones arc the ektrectants and the
donor solvents, e.g. DMSO, DMF and TMP, yicld the synergistic

effect. The structurc of UO7(acac)2HZO in the solid state has known
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to be pentagonal bipyramidal as shown in Fig. 18’9), but the

structure of this type of complex in solution has not been de-
termined in detail. Therefore, the study on the structure of
UOZ(acac)zL (L = DMSO and DMF) and UOZ(dbm)zDMSO in CDSCOCDS,
and CD2C12 by using NMR and IR spectometers will be described

at the beginning of each section in this chapter, followed by

kinetic results.



Fig.

92

The perspective veiw of the structure of
UOZ(acac)ZHZO complex. The U-0 bond lengths
are 2.51 % 0.07 A for the oxygen atoms in the
rings, 2.48 + 0.07 R for water oxygen and |
1.60 + 0.07 A for the oxygen atoms in the

uranyl group. E. Frasson, G. Bombieri and

C. Panattoni, Coord. Chem. Rev., 1, 145(1966).
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ii . EXPERIMENTAL

“A. Synthesis of Complexes

Prepgration of U0, (acac),DMSO complex was made by dissolving
'UOZ(aCaC)ZHZO’ which was prepared acoording to the procedure of
Comyns et al.lo), in warm DMSO. The solution was cooled and the
resultant orange crystals were filtered off and dried in vacuo
for 1 day. Anal. Caled for UO,(acac),DMSO: C, 26.38; H, 3.69.
Found: C, 26.49; H, 3.660.

Preparation of UOZ(dbm)ZDMSO complex was performed by mixing
DMSO with,a solution of UOZ(dbm)ZHZO, which was prepared by mixing
an aqueous solution of uranylacetate dihydrate(l mol) with an
alcoholic solution of dibenzoéylmethane (2 mol)ll), in andydrous
ethyl ether. Anal. Calcd for UOZ(dbm)ZDMSO: C, 48.37; H, 3.55;
S, 4.03. Found: C, 48.32; H, 3.52; S, 4.08.

The_UOZ(acaC)ZDMP complex was prepared by the Samé method
as the synthesis of UOz(acac)zDMSO. Anal. Calcd for UOZ(acac)z—
DME: C, 28.84; H, 4.28; N, 2.59. Tound: C, 28.79; H, 3.89; N

3

2.55.

B. Other Materials

Acetone-dg, dichloromethane-d rdimethylrsulfoxide, and

2’
N,N~dimethy1formamide were purified and dried by the same method.
as described in Chapter III. Acetylacetone(Wako Pure Chemical

Ind. Ltd.) and dibenzoylmethane(Tokyo Kasei Kogyo Co. Ltd.) were

used without further purification.

C. vKinetic Analysis

Kinctic analysis were done by the same method as described
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in Chapter II. For the DMSO exchange in U0, (acac),DMSO and
Uoz(dbm)ZDMSO, the methyl proton signals of éoordianted and free
DMSO measured. The formyl proton signals of coordinated and
free DMF were measured for the eXchange of DMF in UOZ(acac)ZDMF.

The values of PC and P, were obtained from the following

F

equation.

[UOZ(B—diketonato)zL]

¢ F [UO, (B-diketonato) L] + [L]

For the values of T2C and TZP’ the linewidths of methyl proton
signals of DMSO in CDBCOCD3 and CD2C12 and Qf formyl proton
signals of DMF in CDSCOCD5 and CDZCI2 were used. The chemical
shifts of methyl proton signals of coordinated and free DMSO at
-50 °C were used as the value of Whe and mOP,'respectively=

The chemical shifts of formyl proton‘signals of coordinated

and free DMF at -50 °C were also used as the value of 00 and

mOF,’reSpectively.
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iii. -RESULTS AND DISCUSSION

1. KINETIC STUDY OF THE EXCHANGE REACTION OF DIMETHYL SULFOXIDE
IN BIS(ACETYLACETONATO)DIOXO(DIMETHYL SULFOXIDE)URANIUM({VI)

A. Structure of UOZ{acac)ZDMSO.in Solutions

1

The "H NMR spectra of solution containing UOz(acac)zDMSO,

DMSO and CD.,COCD., at -25 and 40 °C are shown in Fig. 2. In the

3 3
spectrum at -25 °C, the signals of (a) and (d) can be assigned
to the methyl protons and 3-H protons of the coordinated acac, re-
: spectively. The signals of (b) and (c) are the methyl protons
of free and coordinated DMSO, respectively. A comparison of
the ihtegrated areas for (b) and (c¢) indicates that one DMSO
molecule is coordinated to each uranyl ion. The area ratio of
(a) to (¢) to (d) was 6 : 3 : 1 from the low field, where the
signal of (d) was used as a standard and this ratio was kept
constant in solutions of various compositions.:
These facts indicate that’two acetylacetonate ions and one DMSO
molecule coordinate to uranyl ion. The doublet of the methyl
protons of coordinated acac means that two coordinated acac are
bidentate ligand, because if the structure of this complex is
similar to that of Uoz(acac)zHZO(Fig.zl), the methyl protons of
coordinated acac will have two different positions i.e. near
one(A) to and far one(B) from the Cbordinated‘DMSO. This is
vSupported by the fact that the 3-H proton signal of coordinated
acac is a singlet. Similar phenomena were also observed in the

1 . S ‘
H NMR spectra of a solution containing UOZ(acac)7DMSO, DMSGC and
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CD.Cl, as shown in Fig. 3, in which the symbols of (a), (b),

2772
(c), and (d) correspond to those in Fig. 2.

The measurements of IR spettra of UOZ(acac)ZDMSO in CDSCOCD3

and CD2C12

are given in Table 1. The S$=0 stretching of this uranyl complex

may support the results of the NMR studies. The results

,C0CD and CD,CL, is observed at 1010 cm—l, which is 45 cm™1
' 12)

lower than 1055 cm_l observed in pure DMSO. Cotton et al

in CD

have shown that the S=0 stretching frequency of sulfoxide in
“complexes decreases when coordination occurs through oxygen.
Therefore, it was concluded that one DMSO molecule was coordi-
inated through oxygen in this complex. In addition, it was found
that two acetylacetonate ions were coordinated as bidentate ligands,
because only one band corresponding to the carbonyl vibration

was observed at frequencies less than 1600 cm—l, which is the
characteristic frequency of the carbonyl vibration of chelated
metal B;diketone complexeslg).

Therefore, it is concluded that the structure of UOZ(acac)Z—

3 3

in Fig. 1.

DMSO in CD,COCD, and CD2C12 is pentagonal bipyramidal as shown

Table 1. Characteristic IR stretching frequenéies

(cm_l) for UOZ(acac)ZDMSO in solutions

Solvent v3(0=U=O) v (S=0) Vv(C-0)

CDKCOCD3 905 1010 1517
CDZCl2 908 1010 1570
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B. Exchange Reaction of DMSO in UOz(acac)zDMSO
B-1. Measurements in CDBCOCD3 diluent

From Fig. 2. it is expected that the DMSO exchange reacion
occurs between coordinated and free sites because both the methyl
prbton signals of coordinated and free DMSO are observed at -25
°C, while the only singlet methyl proton resonance of DMSO 1is
observed at 40 °c., Measurements of the change of lineshape for
the methyl proton of DMSO were carried out by varying temperature
and the results are shown at the left side of Fig. 4. This spec-
tral change is consistent with the DMSO‘exchange between coordi-
nafed and free sites. The best-fit t-values at each temperature
were obtained by the method described in Chapter II. The calcu-
lated lineshapes are shown together with the best-fit t-values
at the right side of‘Fig. 4,

The first-order rate constants, kex’ of the DMSO exchange

in UOZ(DMSO)é+ were calculated by the following equation:

T = TCPF :'TFPC (1)
kex = l/TC = rate/[UOZ(acac)zDMSO]
= (KT/h)exp (-AHT/RT)exp (457 /R) (2)

Similar measurements were carried out on the solutions given

agais

ot

in Table 2. The plots of log k the reciprocal temper-

eX

ature are shown in Fig. 5. The activation parameters obtained

from Fig. 5 arc listed also in Table 2, together with the values
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correspond to (i), (ii), (iii), and (iv) in Table 1.
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of k , at 25 °C. It is obvious from Table 2 and Fig. 5 that
the rate of DMSO exchange isvindependent of the DMSO concen-

trations.

B-2. Measurements in CD2C12 diluent

The DMSO exchange in CDZCl2 was also measured in a similar
“way. Figure 6 shows the change of lineshape‘of DMSO methyl
proton signals with temperature. Coalescence of the coordinated
and free DMSO signals occurs as the temperature is raised. This
phenomenon indicates that the DMSO exchange occurs between the
coordinated and free sites. The best-fit t-values for the exchange
reaction and the corresponding computed lineshapes are shown at
the right side of Fig. 0.

Figure 7 shows the semilogarithmic plots of kex against
the reciprocal temperature for the solutions in Table 3. TFrom
this figure it is found that the first-order rate coﬁstants depend
on the DMSO concentrations. The plots of kex against the DMSO

concentrations are shown in Fig. 8 and this

1

igure indicates
that kex does not obey a simple linear relationship with the

DMSO concentrations.

C. Mechanism

C-1. GExchange reaction in CDSCOCDB diluent

The rate of the DMSO exchange reaction in CDSCOCD3 is

independent of the DMSO concentrations, which indicates that

1)

the DMSO exchange proceeds through cither D or Id mechanism”
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Expt. ' Calc.

— Temp./K , 50 Hz T/msec

253

i1

\ mJLJ\ ;

6. Experimental(left-hand side) and best-fit calculated lH NMR

lineshapes of a solution consisting of UOZ(acac)ZDMSO(O.Ol79 M),

DMS0(0.0282 M), and CD C12(15.8 M) . Temperatures and best-fit

2
t-values are shown at left- and right-hand sides of the figure,

-
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Semilégarithmic plots of kéx against the reciprocal
témperature for the exchange of DMSO in UOZ(acac)ZDMSO
in CD2C12, The symbols of C)s AN Ej, <>, and (j
correspond to (i), (ii), (iii), (iv), and (v) in

Table 3.
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The D mechanism is expressed by Eq. (3)

k
d
% ES
UOz(acac)zDMSO + DMSQ ——— UOZ(acac)2 + DMSO + DMSO
slow

(3)

. ,
> UOZ(acac)zDMSO + DMSO
fast ‘

In this case, the rate-determining step is the dissociation of
DMSO from UOZ(acac)ZDMSO and an intermediate UOZ(acac) having
reduced coordination number is formed. Thus, the observed

first-order rate constant, kex’ is given by Eq. (4)
(4)

In the Id mechanism, overall processes are represented by Eq. (5)

K ;
P oS . ’ %
UOZ(acac)ZDMSO + DMSO Vﬂ_____UOz(acac)zDMSO———DMSO
fast '
(5)
kI ES &
— .+ 5 UO,(acac),DMSO ---DMSO —> UO (acac) ,DMS0O + DMSO
2 2 2 S/
slow fast

where Kos is the formation constant of the outer-sphere complex,
UOZ(acac)ZDMSO———DMSO*, and kI is the. rate constant for the inter-
change of DMSO within the outer-sphere in which the incoming
DMS&iis in the second coordination sphere. The rate-determining
step is still governed by the dissociation of the coordinated DMSO
» | is given by

and the observed first-order rate constant, k

Eq. (6)

ex’
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kex

kIKOS[DMSO]/(l + KOS[DMSO]) (6)

which can be simplified to keX==ki'when KOS[DMSO]§>1, and the éxchange,
rate of DMSO becomes independent of DMSO concentrations. This
appeared to compatible with the results of the DMSO exchnage
reaction in CDSCOCDS.
As mentioned before, the D mechanismfshduld proceed via the
four-coordinated intermediate in the equatorial plane, and is
understandable from the fact that the four-coordinated uranyl
‘complexes in QQuatorial‘plane exisf[ On the other hand, the condition
of KOS[DMSO]»>1 should be satisfied in the I; mechanism. This
means a rather high value( 100 M—l) for KOS all-dvér the con-" "~
centration range employed in the experiments. However, it is
not reasonable to asgume such a large value of Kos because
neither UOZ(acac)ZDMSO nor DMSO is charged.

Therefore, it may be reasonable to assume that the DMSO

exchange in CDBCOCD3 proceeds through the D mechanism.

C-2. Exchange reaction in CDZCI2 diluent

In CD2C12

depend on the DMSO concentrations but not linearly as shown in

diluent, the observed first-order rate constants

Fig. 8. Since the plots have the intercepts and the limiting
values at high DMSO concentrafions, it may be‘suggested that
the DMSO exchange proceeds through‘both the D and Id mechanisms
which are given by Eas. (3) and (5). [Lrom these mechanisms, the

first-order rate constant, kax’ can be exprsssed by Eq. (7)

L,
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ky + kgK_ [DMSO]

d
ex 1 + K__[DMSO]
oS

which can be simplified to kex = kd +_kIKos[DMSO] when KOS[DMSO]Q:I.
This corresponds to the dependence of keX on the DMSO concen-
trations at the low concentration range. Equation (7) becomes

k XQ;kI when KOC[DMSO]§> 1 and this corresponds to the limiting

e
values at the high concentration range. The values of kd’ ke,

and KOS were calculated by using the non-linear least-squares
method and the results are listed in Table 4. The solid lines in
Fig. 8 show the best-fit lines obtained from the calculated values

of kd’ kI,band Kos‘ The experimental data are in close agreement
with the calculated values. Therefore, it is suggested that thé
DMSO exchange in CDZCI2 occurs through both the D and Iq mechanisms.
The activation parameters for kd and kI were obtained from the
plots of log kd and log kI against the reciprocal temperature

in Fig. 9 and are listed in Table 5.
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Table 4.. The values of kd’ kI’ and Kbs‘at various temperatures

for the exchange of DMSO in UOZ(aCac)ZDMSO in CD,C1,

Temp. . kd ‘ kI K

0S

°Cc - sec”t VlOZ sec™t ML
10 35,5 & 6.1  4.47 £ 1.17 4.6+ 2.1
0 18.5 + 0.8 1.86 = 0.45 5.9 = 0.4
=10 - 8.38 + 0.44 1.65 = 0.08 3.1 + 0.2
-20 2.85 £ 0.67 0.57 + 0.01 6.2 + 0.5

Table 5. Kinetic parameters for kd and kI paths in the

exchange of DMSO iﬁ.UOZ(acac)zDMSO in CDZCI2

AT as’ k(25 °C)

kJ molf1 Ik tmo17t 10° sec™d
k; path  47.9 % 5.2 46.6 £ 11.2 1.02
k; path 35.4 + 12.4 -69.7 + 20.5 10.1

% -
Calculated values from'AH? and AS# at 25 °C.



112

100¢ ] l { , T T - 1000

. = -

A —
U — - [
o 3]
23} (<2
~. N
o — - ~
4 —

-4
10— — 100
1 I : l ! I ! ' 10
3.6 3.8 4.0
kK/T
Fig. 9. Semilogarithmic plots of kd and kI against the

reciprocal temperature for the exchange of
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9. KINETIC STUDY OF THE EXCHANGE REACTION OF DIMETHYL SULFOXIDE

IN BIS(DIBENZOYLMETHANATO)DIOXO (DIMETHYL SULFOXIDE)URANIUM(VI)

A, Strucure of UOz(dbm)ZDMSO in Solutions
Figure 10 shows the 1H NMR spectra of a solution containing

U0, (abm) ,DMSO, DMSO, and CD5COCD; at -30 and +30 °C. In the

3 3
fspectrum at -30 °C, (a) and (b) signals can be assigned to the
methy1 protons of free and coordinated DMSO, respectively,v The
signals (c) and (d) can be assigned to the 3-H protons .and the
protons on benzene rings of coordinated dbm, respectively.
The area ratio of (d) to (¢) to (b) was 10 : 1 : 3 and
this ratio was constant in solutions of various cdmpositions,
The signal for the 3-H protons of coordinated dbm is a singlet
as seen in Fig, 10. These facts indicate that the two di-
benzoylmethanate‘ions and one DMSO molecule coordinate to the
uranyl ibn, where dbm acts as a bidentate ligénd and DMSO bonds
though oxvgen.
Similar spectra'were observed in solutions containing
UOZ(dbm)ZDMSO, DMSO, and CDZCI2 as shown in Fig. 11. The
symbols of (a), (b), (c¢), and (d) correspond to those in Fig. 10.
Consequently,U@Z(dbm)zDMSO in CD;COCD 4

have a pentagonal bipyramidal structure.

and CD Cl, appeares to

2
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B. Exchange‘Reaction of DMSO in UOz(dbm)ZDMSO
B-1. Measurements in CDSCOCD3 diluent

From Fig. 10, it is expected that the exchange reactlon of
DMSO in UOZ(dbm)zDMSO complex occurs between the coordinated
and free sites because two methyl proton signals of free and
coordinated DMSO are observed at -30 °C, while the only one signal
of the DMSO methyl protons is observed at +30 °C. The measurements
of the change of lineshape were conducted at various temperatures,
and the results are shown at the left side of Fig. 12, which show
that the prediction is justified. The best-fit t-values at each
temperature were determined by the method described in Chapter
I] and are shown together with the corresponding lineshapes at

the right side of Fig. 12. The first-order exchange rate constant,

kex’ was calculated by Eq. (21) in Chapter II, which is expressed

by Eq. (8).

b
i1

ox rate/[UOz(dbm)zDMSO]

R S CE
= (kT/h)exp(-AH /RT)exp (AST/R)

N
(0%}
—

The same measurements were carried out for other solutions
listed in Table 6. The obtained kex values are seﬁilogarithmi—
cally plotted against the reciprocalrfemperature as shown in
Fig. 13. The values of activation parameters are given in Table
6 together with the values of k_  at -15 and 25 °C. Table 6

(dbm

and Fig. 13 indicate that the rate of DMSO exchange in UOZ‘

)2_

DMSO is independent of the free DMSO concentrations.
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Expt. : Calc.
Temp./K 50 Hz t/msec-
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12.  Experimental(left-hand side) and best-fit calculated lH

NMR lineshapes of a slution consisting of UOZ(dbm)ZDMSO

(0.0117 M), DMSO(0.0115 M), and CDCOCD,(13.5 M).

3

Temperatures and best-fit T-values are shown at leflt- and

right-hand sides of the figure, respectively.
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Semilogarithmic plots of kex against thc reciprocal
temperature for the exchange of DMSO in UOZ(dbm)ZDMSO

in CDBCOCDBn The symbols of O, A, and 1

correspond to (i), (ii), and (iii) in Table 6.
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B-2. Measurements in CD2C12 diluent

In Fig. 11, 1H NMR spectra of a solution containing
UOZ(dbm)ZDMSO, DMSO, and CD2C12 are shown and suggest a similar
eXchange reaction to that in CDSCOCDS. The changes of lineshape
with temperature are given at the left side of Fig. 14, and it
is noted that theIDMSO exchange occurs between the coordi-
nated and free sites. The best-fit t-values at éach temperature
were obtained by the same method as mentioned before and are
shown at the right side of Fig. 14 with the corresponding line-
shapes. The same measurements were made for other solutions
listed in Table 7. The logarithms of kex were plotted against
the reciprocal temperature as shown in Fig. 15. It is seen that
- the value of kex increases as the free DMSO comcentration in-
creases. This DMSO dependence is more clearly seen in Fig. 16,
where k __ value was plotted against the free DMSO cdncentration.

A

Figure 16 indicates that keX can be expressed by Eq. (9).

k., =k + k,[DMSO] | | o)

ex 1

The values of kl and k2 obtained from the intercepts and the
slopes of the plots in Fig. 16, Tespectively, are listed in
Table 8. The activation parameters for kl and kz paths were

obtained from the plots of log kl and log kz against the recip-

rocal temperature in Fig. 17 and are listed in Table 9.
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Expt. Cacl.
Temp./K 1 100 Hz | T /msec
. P ‘ 1
293 o~ %8
263 :
s ah | 12
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v//\ /N 25
. 14. Experimental(left-hand side) and best-fit calculated

1H NMR lineshapes of a solution consisting of

UOZ(dbm)ZDMSO(O.O637 M), DMSO(0.0627 M), and
CD2C12(14.8 M). Temperatures and best-fit t-values

are shown at left- and right-hand sides of the figure,

respectively.
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Table 7. Solution compositions for the exchange of

DMSO in U0, (dbm),DMSO in CD,CI,

123

Solution  [UO,(dbm),DMSO] [DMSOT? [CD,C1,]
1072 ! M
i 6.37 0.0627  14.8
ii 6.39 0.124 14,8
iii 6.37' 0.266 14.8
iv | 6.36 - 0.376 14.7
v 6.31 0.499 14,7

& Added as DMSO.

Table 8. The values of kl and kz at various
temperatures for the exchange of DMSO

in UOZ(dbm)ZDMSO in CD2C12

Temp.. kl kz

"C 10 sec”’ 102 M tsec™t
-10 2.91 = 0.44 2.12 = 0.14
-15 2.18 = 0.353 1.55 = 0.11
-20 1.62 = 0.25 1.09 £ 0.08

I
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150 [— ' -,

eX/s.ec

k

.6
[DMSO] /M

"Tig, 16. Plots of kex Vs, [DMSO] for the exchange of DMSO

in U0, (dbm),DMSO in CD,C1,. O : -10 °C; A =15 °C;

7 : -20 °c; ) = -25 °C.
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Fig. 17.  Semilogarithmic plots of k and k,

ggainst the-reciprotal temperature for the
exchange of DMSO in UOZ(dbmﬁzDMSO in CDZCIZ.

Table 9. Kinetic parameters for the k and k, paths in the

exchange of DMSO 1n U0, (dbm) ,DMSO in CD,C1,

ES
rat rs® O X(25 °C)
kJ mo1 L. JK Inoi? sec T
k, path 29.6 + 2.2 -104.2 % 8.6 1.74 x 10°
k, path 34.9 ¢ 0.6  -67.2 £ 2.4 1.62 x 10°/m71
* +

! +
Calculated values from AH and AS at 25 °C.
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C. Mechanism
C-1. Exchange reaction in CDSCOCD3 diluent
The rate of DMSO exchange reaction is independent of the

free DMSO concentration, which indicates that the DMSO exchange
4

Pt
R
.

takes place through either D or Id mechanism The D and Id

mechanisms are represented by Eqs. (10) and (11), respectively.

k

: d
* ES
UOZ(dbm)ZDMSO + DMSO ——m> UOZ(dbm)2‘¥'DMSO + DMSO
slow
(10)
U0, (dbm) ,DMSO" + DMSO
£ 2 2
ast
and
X
* 05 %
UOZ(dbm)ZDMSO + DMSO —————— U0, (dbm) ,DMSO- - -DMSO
fast
K, (11)
* *
—_— UOZ(dbm)ZDMSO ———DMSO-——~>U02(dbm)2DMSO + DMSO
slow fast
From these mechanisms, the following equations for kex can be
derived. For the D mechanism,
kex = kd (12)
and for the Id mechanism,
koo = kK  [DMSO]/(1 + K _[DMSO]) (13)

which is simplified to k = k; when KOS[DMSO]§> 1.
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Thus, the exchange rate of DMSO becomes independent of the
free DMSO concentration, and this is compatible with the results
of the DMSO exchange reaction in CDSCOCDS.

However , it might not be reasonable to assume that the
condition,,KOS[DMSO]>> 1, since the value of KOS should be larger

than 200 M

to satisfy this condition over the present concen-
tration range. Such a large value of KoS is unrealistic by
considering that both of UOZ(dbm)ZDMSO and DMSO are uncharged.
On the contrary, it is most likely that the DMSO exchange proceeds
| through the D mechanism because the four-coordinated uranyl

complexes in equatorial plane are well knownls_lS).

C-2. Exchange reaction 1in CD2C12 diluent
In fhis diluent system, the DMSO exchange occurs through
two paths, kl and k2 paths. The kl path,where the excahnge rate
is indepéﬁdentiof the free DMSO concentration, 1s concluded to
‘ be the D mechanism as that of the DMSO exchange in CDSCOCD .

3
The kz path exhibits a first-order dependence on the free DMSO

[}

concentration and seems to proceed through either Id or A

mechanism14)& The A mechanism is exwressed by Eq. (14).
K
® %
U0, (dbm) ,DMSO + DMSO ——— U0, (dbm) ,DMSO-DMSO
slow

(14)

' %
—_—_— UOZ(dbm) DMSO - + DMSO
2
fast

In this mechanism, the rate-determining step is the coordination

of DMSO to the first coordination sphere of UOZ(dbm)ZDMSO and



"hence the six-coordinated intermediate in the equatorial plane
should be formed. If the DMSO exchange proceeds through the D
and A mechanisms indicated by Eqs. (10) and (14), the first-

order rate constant, k can be expressed by Eq. (15).

ex’

k = k

ex a” ka[DMSO] | (15)

where kd and ka correspond to kl and kZ in Eq. (9), respective-
ly. On the other hand, if the DMSO exchange reaction takes

place through the D and Id mechanisms, k is given by Eq. (16).

eXx

kg + kyK__[DMSO]

x =
ex 1 + X__[DMSO] (16)
s .

When K__[DMSO] & 1, Eq. (16) is reduced to Eq. (17).

k = k

ox d + kIKOS[DMSO] : (17)

where kd and kIKOS correspond to kl and'kz in Eq. (Q),
respectively. Both of Eqs. (15) and (17) are coﬁsistent with
the experimental results. |

It has been known that the uranyl ion forms the six-
coordinated complexes in the equatorial plane with small 1igand519)
as'sh0wn in Chapter III, but the A mechanism seems to be unlikely,

because the coordinated dbm is a bulky chelating ligand and

may hinder the approach of free DMSO to the first coordiantion
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sphere of UOZ(dbm)ZDMSO. Moreover, DMSO also seems to be too
bulky to form the six-coordinated intermediate in the equato-
rial plane.

‘The I

d
“which can be held in the exchange reaction because both DMSO

mechanism requires the condition KOS[DMSO] X 1,

and UOZ(dbm)ZDMSO are uncharged and the value of Kos is consi-

dered to be smaller than 1 M—1 on the basis of the Fuoss

20)

equation Therefore, it is suggested that the DMSO exchange

in CD Cl2 proceeds through both the D and Id mechanisms.

2
If the value of KOS in the present reaction is larger than that
in the DMSO exchange reaction in UOz(acac)zDMSO in CD2C12’ which
was estimated about 5.0 M_l, the exchange rate should become

constant with the increase of the DMSO concentration in the

preseht DMSO concentration range (0.0627-0:499 M) because the

© i

exchange rate of DMSO in UOZ(acac)ZDMSO in CD2612 becomes constant

as the DMSO concentration incrases, where the DMSO concentration
range is 0.0282 to 0.239 M. However, this tendency was not

observed as shown in Fig. 16. This means that the value of Kos

for the DMSO exchange reaction in UOZ(dbm)ZDMSO is smaller than

5 ML, and may be due to the fact that dbm is a large chelating

b

ligand than acac and make more difficult to form the outer-

sphere complex.
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D. Comparison with DMSO Exchange Reactions in Other Uranyl

Complexes

The results of the DMSO exchange reactions in UOZ(DMSO)§+,
UOZ(acac)ZDMSO,-and UOZ(dbm)ZDMSO in CDBCOCDB are summerized
in Table 10. The DMSO exchange reaction in UOZ(DMSO)E+ proceeds
through two paths, kl and k2 path, whose mechanisms were supposed
to be D and A mechanism, respectively, while the DMSO exchange
reaction in UOZ(acac)ZDMSO and UOZ(dbm)éDMSO proceed through |
only the D mechanism. This difference may be attributed to the
steric effect of bulky chelating ligands, acac and dbm, which
- may hindér the approach of free DMSO to the first coordination
sphere of uranyl complexes. These results may support that the
k2 path for the DMSO exchange reaction in UOZ(DMSO)é+ proceeds
through the A mechanism.

The activation enthalpy for the DMSO exchange reaction
in UOZ(DMSO)E+ is larger than those of the DMSO exchange reactions
‘in UOZ(acac)ZDMSO and UOZ(dbm)ZDMSO. This fact can be inter-
preted by considering that the ovér—all positive charge on uranyl
ion decreases by the coordination of acetylacetonate and dibenzoyi—
methanate, and hence the bond—strength of U-DMSO in'UOZCaCaC)Z—
DMSO and UOZ(dbm)ZDMSO. This will make easier the dissociatién
0f DMSO from U0, (acac),DMSO and UO,(dbn),DMSO than from UO,(DHSO)Z "
The activation,entrppies for UOZ(acac)zDMSO and~UOZ(dbm)2DMSO
have large negative values, while that for UOZ(DMSO)§+ is nearly
zero. This fact might suggest that the intermediate, UOZ(DHSO)§+,

which should be formed in the D mechanism, would be formed more
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easily and more stable than the respective intermediates, i.e.
UOZ(acac)2 and UOZ(dbm)z, formed in the DMSO exchange reactions
in UOz(acac)zDMSO and UOz(dbm)zDMSO in CDBCOCDS, because the
bidentate ligands, écac and dbm, make difficult the formation

of the symmetrical intermediates in the equatorial plane.
Therefore, AS# values for the exchange of DMSO in UOz(acac)zDMSO
and UOZ(dbm)ZDMSO are much smaller than that of the DMSO exchange
reaction in UOZ(DMSO)§+. Aé a result, the DMSO exchange rate
constants for UOz(acac)ZDMSO and UOZ(dbm)zDMSO are smaller than
that of the DMSO exchange in UOZCDMSO)E+ in spite of their small

values for AH#.

“Table . 10. KXinetic parameters for the exchange of DMSO

in various uranyl complexes

Complex | Mechanism au® ; rs® ‘ ‘keX(ZSOC)
| 1J mol 1 JK o1t sec ]
UOZ(DMSO)§+ D 53.8 + 2.4 6.3 + 14.5 5.53 x 10°
A 39.1 + 1.7 -28.1 * 5.0 3.22 x 10°/M°t
UOZ(acac)ZDMSO D 45.8 £ 0.8  -46.6 % 2.9 2.36 x 10%
U0, (dbm ,DMSO D 44.5 = 0.4  -46.2 = 2.1 3.92 x 10°
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~ 3, KINETIC STUDY OF THE EXCHANGE REACTION OF N,N-DIMETHYL-
FORMAMIDE IN BIS(ACETYLACETONATO)DIOXO(N,N-DIMETHYLFORM-

AMIDE)URANIUM (VI)

A. Structure of UOz(acac)ZDMF in Solutions

Figure 18 shows the 1H NMR spectrum of a solution containing
UOz(acac)zDMF, DMF, and CDSCOCD3 at -50 °C. In thé spectrum,
the doublet of (a) and the singlet of (d) are assigned to the signals
of methyl protons and of 3-H protons of coordinated acac, respec-
tively, and the doublets df (b) and (c) and the singlets of (e)
and (f) are the methyl protons and the formyl protons of free

and coordinated DMF, respectively.

@)

The area ratio of (f) to (d) to (c¢) to (a) was 1 : 2
12, and this ratio remained constant in solutions of various
compositions listed in Table 11. This fact indicates that the
two acetylacetonate ions and one DMF molecule are cbordinated to
the uranyl ion. The doublet of the methyl protons of coofdinated 

-

acac means that two acac are bidentates from the same reason

92}

as described before in the structure of UOZ(acac)zDMSO.; Further-
more, the singlet (d) supports that the coordinated acac is a
bidentate. Comparison between the integrated areas for the
doublet of (b) and (c), and those for the singlet of (e) and (f)
shows that one DMF molecule is coordinated to a uranyl ion.
Therefore, it is suggested that the struéture of this complex

in CD,COCD, is pentagonal bipyramidal similar to the structure

3 3
of UOZ(acac)ZDMSO and UOZ(acac)ZHZO,
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The same results were also obtained from the 1H NMR
spectrum of a solution‘containing UOz(acac)ZDMF, DME, and'CD2612
as shown in Fig. 19,.in which the symbols of '(a), (b), (c), (d),
- (e}, and (fj correspond to those in Fig. 19, and indicate that
the structure of this complex in CD2C12 is also pentagonal bi-
pyramidal.

The measurements of IR spectra support the results of the
NMR -studies.- The IR Spectré of Uoz(acac)zDMF were measured in
2C12, The C-0 stretching for DMF in the complex was observed

at 1652 cm—l, which is 27 cm 1 lower than that observed in pure
1

Ch

DMF (1675 cm ). It has been known that the C-O stretching, so

called Amide I, will shift to a lower side when DMF 1is coordinated

21-23)

through oxygen Therefore, the band of C-O stretching

observed hére indicates that DMF in the UOZ(acac)zDMP complex
coordinates through oxygen. In addition, only one band corre-

sponding to the carbonyl vibration of coordinated acac was

observed at 1574 cm_l. This indicates that both of acac in

UOZ(acac)ZDMF are coordinated as bidentates from the same reason

as mentioned in the structure of UOz(acac)zDMsol3 .

=

~—

On the basis of these findings, it is concluded that
UOZ(acac)ZDMF has a pentagonal bipyramidal structure in CDBCOCD3

and CD2C12.
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B. Exchange Reaction of DMF in UOZ(acac)ZDMF
B-1. Measurements in CD;COCD. diluent

The measurements of the change of lineshape for formyl
protons of DMF were made at various temperatures. The results
are shown at the left side of Fig. 20 and found to be consistent
with the DMF exchange between coordinated and free sites. The
best-fit t-values at each temperature were determined by the
method described in Chapter II. The calculated lineshapes are
shown with the best-fit t-values at the right side of Fig. 20.
The first-order exchange rate constant, kex’ was calculated by

- Eq. (21) in Chapter II. In this case, k is represented by

_ ex
Eq. (18).
kex = rate/[UOz(a;ac)ZDMF]
+ +
= (kT/h)exp(-AH /RT)exp(AS /R) (18)
Similar measurements were performed on other solutions listed

in Table 11. Figure 21 shows the plots of log kex against the
reciprocal temperature for the exchange of DMF in UOZ(acac)ZDMF.
The activation parameters obtained are listed in Table 11 together
with thé values of kex at 25 °C. From these results, it 1is

found that the rate of DMF exchange is independent of the solution

compositions.
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Expt. Calc.

T/msec

Temp./K 100 Hz

lg. 20. Experimental(left-hand side) and best-fit calculated 1H NMR
lineshapes of a solution consisting of UOZ(acac)ZDMF(O.O661
M), DMF(0.112 M), and CDBCOCD3(13=3 M ) . Temperatures and
best-fit t-values are shown at the left-and right—hand sides

AE +ThA £3 11 rachartiiralar
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‘Fig. 21. Semilogarithmic plots of kex againsc the reciprocal

temperature for the exchange of DMF in UOZ(acac)7DMF

in CD.COCD The symbols of (O, &, and Ll

3 3
rorraenond ta (i). (ii). and (iii) in Table 11.
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RB-2. Measurements in CD2C12 diluent

The measurements of the change of lineshape for fofmyl
protons of DME were done by varying temperature in soluions
containing UOZ(acac)ZDMF, DMF, and CD2C12. The results are
shown at the Jeft-hand side of Fig. 22, which indicates that
" the DMF molecules exchange between the coordinated and free sites.
The best—fit.T—Values at each temperature are indicated at the
right-hand side of Fig. 22. The first-order exchange rate
constants are calculated from these T-values and expressed by
Eq. (18).

Similar measurementsrwere carried out for the solutions
listed in Table 12. The obtained kex‘are plotted semilogarith-
mically against the reciprocal temperature in Fig. 23. As seen
in Fig. 23, the rate of DMF exchange seems to depend on the
rfree DMF concentration:rﬂFigure.24 shdws the ﬁlotsiof kex against
the free DMF concentration and indicates that the DMF exchange
proceeds through two paths, i.e. one 1is independentrofrthe
DMF concentration and another is a first-order dependence on

"DMF concentration. Thus keX can be expressed by Eq. (19).

ko = ky o+ k, [DMF] (19)
The values of klland kz are obtained from the intercepts
and slopes in Fig. 24, rtespectively and listed in Table 13.

The plots of log kl_and log k2 against the reciprocal temperature



Experimental (lTeft-hand side) and best-fit calculated 1H NMR
lineshapes of a solution consisting of UOZ(acac)ZDMF(O.lIG M),
DMF(0.215 M), and CD2C12(14.7 M ). Temperatures and best-fit

t-valucs are shown dat the center of the figure.
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temperature for the exchange of DMF in UOZ(acac)ZDMF




are shown in Fig. 25.

From Fig.

143

25, the activation parameters

are calculated for k; and kz paths and listed in Table 14.

Table 12. Solution compositions for the exchange of DMF

in U0y (acac),DMF in CD,CI,

Solution [UOZ(acac)zDMF] [DMF ]2 . [CD2C12]
"2 1072 M M
i 713 2.87 15.2
il 12.0 14,8
iii 21.5 14.7
iv 35.7 ‘ 14.7

3 Added as DMF.

Table 13.

The values of kl and k2 at various

temperatures for the exchange of DMF.in

UOZ(acgq)ZDMP in QD2C12

Temp.

°C

-10
-15
-20

-25

.08

s

1+
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1+
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Fig. 24. Plots of keX vs. [DMF] for the exchange of DMF
in UOZ(acaC)ZDMP in CD,C1,. O -10 °c; A

-15 °c; ¢ -25 °C.
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Fig. 25. Semilogarithmic plots of kl and kz against the

reciprocal temperature for the exchange

Qf DMF.in UOZ(acac)ZDMF in CD2C12°

Table 14. Kinetic parameters for Fhe kl and kz paths in the

cxchange of DMF ir UOZ(aca;)ZDMF in CD,C1,

£ 2 oy
AHT AS k(25 °C)
%J molt JK—lmOI_l 10% sect
ky path 32.8 + 1.7 -92.0 £ 5.9 1.90
k, path 37.0 = 2.1 -49.6 + 8.8 56.6 ot

2

¥

¢ Calculated values from AH# and AS' at 25 °C.
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C. Mechanism
C-1. Exchange reaction in CDSCOCD3 diluent

The rate of DMF exchange reaction in CDSCOCD3 is independent
~of the free DME concentration. This fact indicates that DMF

exchange in UOZ(acac)zDMF in CDSCOCD3 proceeds through either

the D or the Id mechanism. The D mechanism is expressed by

Eq. (20)
UOZ(acaC)ZDMF + DMF ———— Uoz(acac)z + DMF + DMF
" slow
(20)
%
U0, (acac).,DMF ~ + DMF
2 2
fast
and the Id mechanism is represented by Eq. (21)
K
P2 uo DMF "
UOZ(acac)ZDMF + DMF TE;;:m_ zgacac)z - - -DMF
kd o ) (21)
—— UOz(acac)zDMF ——-DMF-~——>U02(acac)2DMF + DMF
slow fast ,

Following these mechanisms, the first-order exchange rate
constants are given by Eqs. (22) and (23), respectively. For

the D mechanism

(22)

and fdr the T, mechanism

d

ko, = k(K J[DMF]/(1 + K _[DMF]) (23)
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which simplifies to k_ = k; when KOS[DMF]j> 1, and the-rate
of DMF ekchange becomes independent of the free DMF concentration.
It seems unlikely that the condition, KOS[DMF]>$>1, is

satisfied in the range of the DMF concentration in the present
experiments because both the UOz(acac)zDMP complex and DMF
molecule are uncharged and hence the value of Kos is thought
to be smaller than 1 M;l. A bulky chelating ligand, acac, may
hinder the approach of free DMF to the interchange sites.

On the other hand, the requirement for the D mechénism, i.e.

the formation of four-coordinated intermediate, UOZ(acac)z,

in the equatorial plane seems reasonable as mentioned in Chapter
III. These results lead to the conclusion thét the ﬁMg ekchange
reaction in UOz(acac)ZDMF in CDSCOCD3 proceeds through the

D mechanism.

C-2. GExchange reaction in CDZCl2 diluent

In CD,C1,, it is found that the DMF exchange occurs through

2
two paths, kl and kz paths. The kl path, Where the exchange rate
is independent of the DMF concentration, is concluded to be the
same D mechahism as the DMF exchange in CDSCOCDS. ‘The k2 path
exhibits a first-order dependence with respect to the DMF concen-
tration and seems to proceed through either the Iq or the A
mechaﬁism. Equation (24) expresses the A mechanism
. k ,
U0, (acac) ,DMF + DMF*——l—a———> Uoz(acac)ZDMF-DMP*
slow

(24)

*
UOZ(acac)zDMP + DMF

fast
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In this mechanism, the rate-determining step is the coordination
of DMF to the first coordination sphere of UOz(acac)zDMF followed

by the formation of six-coordianted intermediate in the equatorial

plane.

If kl and kz paths proceed through the D and A mechanisms,
respectively, the frst-order rate constant, kex is expressed
by Eq. (25)

keX = kd + ka[DMF] (25)

If the DMF exchange in CD2C12 proceeds through both the D and

14 mechanisms, kex is given by Eq. (26)

-k, + k-X__[DMF]
X - d I 0s | (26)

cX
1 + K__[DMF]

When KOS[DMF]<§ 1, Eq. (26) reduces to Eq. (27)

koo = kg + kgK__[DMF] | | | (27)
where kd and'kIKOS correspond to.k1 and kz in Eq. (19),
respectively. Both of Eqs. (25) and f27) are compatible with
the experimental results.

Although it has been known that the uranyl ion forms the
six-coordinated complexes in the cquatorial plane with small

ligands as stated in Chapter 11T, the A mechanism seems to be
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unlikely, because the coordinated acac is a bulky chelating

ligand and may block access of free DMF to the first coordination
sphere of UOZ(acac)ZDMP. N,N-dimethylformamide itself is a
relatively bulky ligand, "and it appears difficult to form

a six-coordinated intermediate in the crowded equatoriai plane.

On the contrary, thg Id mechanism should satisfy the condition,
KOS[DMF]<§ 1, but nevertheless the condition seems to be reason-
able in this system éince both UOZ(acac)ZDMF and DMF are uncharged

-1

and thé value of KOS should be smaller than 1 M on the basis

of the Fuoss equationzo). Therefore, it is suggested that
the DMF excahange in CDZCI2 proceeds through both the D and

Id mechanisms.
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D. Comparison with the DMF Exchange Reaction in UOZ(DMF)§+
The results of DMF exchange in UOZ(DMF)§+ and UOZ(acac)z—

DMF in CD2C12 are summerized in Table 15. It was suggested

that both DMF exchange reactions proceeded through thé same
mechanisms, the D and Id mechanism. waever, the rate of DMF
exchange reaction in UOZ(DMP)§+ épproaches to the constant value
as the free DMF concentration increases from 0.0123 to 0.588 M
as shown in Fig. 16 in Chapter IIT, while that in UOZ(acac)ZDMF
depends linearly on the free DMF concentration ranging from
0.0287 to 0.357 M as shown in Fig. 24. This difference may be
attributed to the fact that the reactants are uncharged in the
case of the DMF eXchange reaction in UOz(acac)zDMF and hence
the outer—sphere complex formation constant becomes smaller

1)_

Since the diluent and ligand are the same in both reactions,

than that in the DMF exchange in UOZ(DMF)§+(1.15—1.36 M

the differences of the kinetic parameters in both reactions

may be due to the bond-strength between uranyl ion ana DMF, and

to the structural difference in the equatorialbplane. The AH¥“
values for the DMF exchange in UOZ(DMF)é+ are larger than those

of the DMF exchange in UOZ(acac)zDMF. These results suggest

that the bond-strength between uranylzion and DMF in UOZ(acéc)z-
DMF is weaker than that in UOZ(DMP)é+ and the coordinated DMF |
may dissociate more easily in UOZ(acac)ZDMP than in UOZ(DMF)§+.
HbWever, a stable intermediate cannot be formed in UOZ(acac)ZDMF
because the two bidentate ligands will make it difficult to reform

the structurc in the equatorial plane. This is consistent with
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values for the DMF exchange in

UOZ(acac)ZDMF are more negative than those in UOZ(DMP)§+. As

a result, the rate constants of the DMF exchange'in Uoz(acac)z—

DMF become smaller than those of the DMF exchange reaction in

UOZ(DMF)§+ in spite of small re* values.

Table 15. Kinetic parameters for the exchange of

DMF

in various uranyl complexes
Complex  Mechanism e ' AST ) kex(25°C)b
kJ mol ! JK"lmol-1 sec
.UOZ(DMP)§+ D 42.0 £ 2.1 -15.1 £ 3.3 4.70 10*
I 48.3 £ 0.9 38.6 + 2.6  2.34 x 10°
U0, (acac) ,DMF D 52.8 + 1.7  -92.0 + 5.9  1.90 x 10°
| i 37.0 + 2.1%  -49.6 + 8.8%  5.66 o3
The valﬁes of kinetic parameters for kIKos’
b calculated values from AHT and AS™ at 25 °C.
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iv., SUMMARY

It was found that the uranyl B-diketonatoé complexes studied
in this chapter have a pentagonal bipyramidal structure in solution.
It was supported that the k2 path of the DMSO exchange reaction
in UOZ(DMSO)é+ proceeded through the A mechanism.

Table 16 shows the kinetic parameters for the DMSO and hMF
exchénge reactions in QOz(acac)zDMSO, UOZ(dbm)ZDMSO; and UOZ-
(acac)zDMF, .From this table it is found that the mechanisms of

.the DMSO and DMF exhange reactions in these complexes in CDSCOCD3
are different from those infCD2C12. This difference may be
primarily due to the diluent properties because the complexes

and ligands in each reaction system are the same in both diluents,

* which means the acidity of complex and the basicity of ligand

are constant. The dielectric constant of acetone(ZQ.7) is larger
than that of dichloromethane(8.93) and these values may be almost

~identical with those of respective deuterated compounds, CD,COCD

[N

a1
L

3
and CD,C1 ex

2772
formation constant, Kos’ in CDSCOCD3 is smaller than that in

Moreover, acetone has a relatively large basicity, DN =

Thus it may be expected that the outer-sphere com

T

CDZCIZ.

17.0 24,25) and tends to solvate to the second coordination

>

spheres of these complexes. This solvation may block access of

DMSO molecules to the second coordination spheres of these complexes

1n CDECOCDS.

exchange in CD

This may lead to the observations that the DMSO

SCOCDS proceeds through the only D mechanism, while

that in CD,C1

,C1, occurs through both the D and Id mechanisms.
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It i1s also infered that the differences of kinetic parameters
may be due to the diluent effect, e.g. the stabilization of the

transition state by the bulk diluents or the rearrangement of

formation of

(@

bulk diluents, which occur simultaneously with th

the transition state. This is suppoited by the following facts.

s

- The values of AH' for the ligand exchange reactions in CD2C12,

except for the DMSO exchange in UOZ(acac)ZDMSO, are smaller than

¥

- those in CD,COCD,, while AS" in CD2C12 has more negative values

3 3°
than those in CDSCOCDS. As a result, the values of kex in CD2C12

becomes smaller than those in CDSCOCDS.
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~ CHAPTER V

KINETIC STUDY OF THE INTRAMOLECULAR EXCHANGE
REACTION OF METHYL GROUPS IN URANY‘L ACETYL-

ACETONATO COMPLEXES BY NMR
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i . INTRODUCTION

In Chapter IV, the results were reported in detail for the
ligand exchange reactions in UOz(acac)zL(L = DMSO and DMF). In
these experiments, it was found that the methyl protoh signals

" of coordinated acac were a doublet at low temperature and became

a singlet as temperature increased. These phenomena indicate

that the exchange takes place between two methyl groups of coordi-
nated acac, i.e. near one to and far one from the coofdinated

DMSO and DME.

Similar phenomena have been observed in various B-diketomato
complexes, e.g. the intramolecular rearrngement process in the

. - Yo
1,2} a1y, gacrin 9,

Mo(vD)7), zr(IV), HE(IV), Ce(IV), and TH(IV)®), and the twist

B-diketonato complexes of Ti(IV)

or bond rupture mechanism has been proposed for these intra-

molecular reactions.

In this chapter, the intramolecular exchange reaction in

UOz(acac)ZL is dealt with and a new type of mechanism will be

proposed.
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ii., EXPERIMENTAL

A. Synthesis of Complexes

, The UOZ(acac)ZDMSO ahd UOZ(acac)zDMF complexes were the
same reagents which were used in the study of the exchange re-
actions of DMSO and DMF in these complexes. Preparation of
UOZ(acac)ZDEF (DEF = N,N-diethylformamide) was made by the same
method as shown in Chapter IV. Anal. Calcd for UOZ(acac)ZDEF:

C, 31.64; H, 4.78; N, 2.46. Found: C, 31.43; H, 4.41, N, 2.58.

B. Solvents
ACetone—d6(CD3CQCD3), dichloromethane—dz(CD2C12), nitro-
vmethané—dS(CDSNoz), and ortho—dichlorobenzene(o—C6H4C12) were used

as solvents.  The solvents CD.COCD CD.NO and CD,C1l, were dried

305 37727 2772
over 3A and 4A molecular sieves and o—C6H4C12 was distilled twice

in vacuo ‘and stored over 3A molecular sieves.

C. Kih;tic Analysis

Kinetic analysis was done by the same method as described
“in Chapter II. 1In the present study, the values of P and PF are
’taken to be equal to 0.5, since the exchange reaction takes place
between the two methyl groups of coordinated acac. The linewidths
of methyl proton signal of enol isomer of acetylacetone in each
solvent wére used as the Vaiues of 1/TZC and 1/TZP. The chemical

shifts of low and high field signals of the methyl protons of

Coordianted acac were used as the values of Wy and W
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iii, RESULTS AND DISCUSSION

A. Exchange Reaction of Methyl Groups of acac in UOZ(acac)zDMSO

1

The “H NMR spectra of UOZ(acac)zDMSO in o-C_H Cl2 at -20

64

and +30 °C are shown in Fig. 1, in which the signals of (a) and

,
(c) are due to the methyl protons and 3-H protons of coordinated
acac, respectively, and (b) is the methyl proton signal of
coordinated DMSO. (I-a) represents the expahded signal of (a).
1t is found that the methyl proton signal of coordinated acac
has two equivalent peaks at -20 °C, while the corresponding peak
is a singlet at 30 °C. The chemical shifts of (a), (b), and (c)
were not changed. These facts suggest that the complex is present
in the pentagonal bipyramidal struCture‘in o—C6H4C12 over the
present temperature range and that the exchange takes place
between the two methyl groups of coordinated acac, i.e. near

one to and far one from the coordianted DMSO. Similar phenomena

<2

. 1 . . .
were observed in the "H NMR spectra of UO, acac)ZDMSO in Cunoz,
. 4 J

(
€bh,C1 and CD.COCD, as shown in Figs. 2, 3, and 4, respectively.

27727 3 3
The symbols of (a), (b), aﬁd (c) in these figures correspond
to those in Fig. 1. The results of the change of lineshape for
~ the methyl proton signal of coordinated acac with temperature
are shown at the left sides of Figs. 5, 6, 7, and 8 and indicate
the typical two-site exchange. The best-fit f—values at each
temperature were determined by using the method described in

Chapter IT. The obtained t-values are shown together with the

Calculated lineshapes at the right sides of Figs. 5, 6, 7, and 8.
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Iig.

Calc.

'é r/séc
A

Ji\ 0.0096
\q
A 0.025
\ . )

.055

3 s\
o

(]
[
oo
[¥a

5.

Expérimental(left-hand‘side) and best-fit

calculated 1H NMR lIineshapes of UOz(acac)ZDMSO

(0.0349 m) in o-C.H,Cl,. Temperatures and

64772

best-fit T-values are shown at the left- and

right-hand sides of the figurec, respectively.

o
&
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Expt. Calc.
Temp./K T/sec
‘ 0 Hz !

293 ko.mz
_/

\\\f.032

0.060

jow)
(e
w0
P

Experimental (1eft-hand side) and best-fit
calculated 1H NMR lineshapes. of UOZ(acac)7—
DMSO(0.0417 m) in CDSNOZ' Temperatures

and best-fit t-values are shown at the
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Expt‘ ‘ Calc.
Temp./K T/sec
0.062
.273 10 Hz
i l .
e s L
SR
Pt NP
263 \ 0.091

s

| y
TR

253

%@wﬁﬁwj

243

Experimental(left-hand side) and best-fit calculated

1H NMR lineshapes of UOZ(acac)ZDMSO(O°0311 m) in

CD2C12. Temperatures and best-fit T-values arc

shown at the left- and right-hand sides of the
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Fig.

Expt. Calc.
Temp./K T/sec
1Q Hz :
273 ’ I l 0.020
/! '
v J
%%@%§? SR
A
265~ j\ . 0.045
A J
Pl %ﬁg %ﬁt 24 \*w-.m

P

Experimental (left-hand side) and best-fit
calculated lH NMR 1lineshapes obeOz(acac)ZDMSO
(0.0574 m) 1in CDSCOCDBQ Temperatures and best-

fit t-values are shown at the left-and right-

hand 2ides of the figure, respectively.
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In the present exchange reaction, the exchange reaction
occurs between the two methyl groups of coordinated acac. Hence

o = Tpo and PC = PF = 0.5. The first-order exchange rate

constént, k is given by Eq. (1)

intra’

K = 1/(21) = (KT/h)exp(-AH"/RT)exp (AST/R) (1)

intra

The kintra values were calculated from the best-fit t-values

- by using Eq. (1). The logarithms of kin obtained in each

tra
solvent were plotted against the reciprocal temperature as
shown in Fig. 9. The activation parameters obtained from these
plots are listed in Table 1.

The exchange rate consatnts in solutions of various con-

centrations of UOZ(acac)zDMSO were measured in CD2012. The

<

“results are shown in Table 2 and indicate that the exchange rate

b

is first-order with respect to the complex concentration.
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Table 2.

Dependence of kintra

on the concentration

of U0, (acac),L (L = DMSO, DMF, and DEF)"

Temp. kintra
°C sec t
[Uoz(acac)ZDMSO]'
10“2 m
1.74 3.11
10 18.0 # 1.5 20.8 % 1.0
0 9.36 % 0.48. 8.84 * 0.72
-10 5.00 £ 0.92 4.41 * 1.08
-20 2.20 £ 0.52 1.76 * 0.19
[UOZ(acac)zDMF]
107 % n
1.76 3.64
10 25.8 * 2.1 22.8 * 1.1
0 12.8 * 0.5 14.5 % 1.7
-10 6.09 * 0.64 6.70 t 0.22
=20 3,75 + 0.48 3.26 * 0.15
[UOZ(acac)ZDEF]
10—2 m
1.83% 4.72
10 20.9 * 2.9 22.5 * 2.5
0 12.1 + 1.8 11.5 = 0.4
-10 5.31 % 0.61 6.85 + 0.29
=20 4,63 * 1.15 3.14 % 0.19
a In CD.C1,. solutions

2772
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B. Exchange Reaction of Methyl Groups of acac in UOz(acac)zDMF
and UOz(acac)ZDEF |

Similar phenomena were observed in the 1H NMR spectra of
Uoz(acac)zDMF and UOZ(acac)zDEF in CDZCI2 as shown in Figs. 10
and 11, respectively.

In Fig. 10, the doublet of (a) and the singlet of (c) are
the signals of methyl protons and of 3—prrotons of coordinated
acac, respectively. The doublet of (b) and the singlet of (d)
are aésigned to the methyl protons and the formyl protons of
coordinated DMF, respectively. The area ratio of these signals
indicates that the structure of UOZ(acéc)zDMF is pentagonal
bipyramidal described in Chapter IV. |

In Fig. 11, the signals of (b) and (d) are the methyl
protons and the 3-H protons of coordinated acac, respectively.
The signals of (a) and (c) can be assigned to the methyl and
methylene protons of the ethyl groups of coordinated DEF,
respectively. The signal of (e) is the formyl protons of coordi-
nated DEF. From the comparison of the integrated areas foT
these signalé, it is assumed that the structurerof UOZ(acac)ZDEF
in solution is a pentagonal bipyramidal Similar to those of UOZ—
»(acac)zDMSO and UOZ(acac)ZDMP.

The change of lineshapes of the methyi proton signal of
coordinated acac were observed at various temperatures. The
resuits, which are shown at the left sides of Figs. 12 and 13,
indicate  that the exchange reactions between the

two methyl groups of coordinated acac, i.e. mnear one to and far
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one from the coordinated DMF br DEF, occur in these complexes.
The computed best-fit t-values are given together with the
corresponding lineshapes at thé right side of Figs. 12 and 13.
- For UOz(acac)ZDMF, the exchange reaction of methyl groups was
slso measured in CDSCOCDB. The 1ogarithms of kintra obtained
from best-fit t-values are plotted against the reciprocal
temperature (Fig. 14) and the activation parameters are listed
in Table 1.

The exchange rate constants for various concentrations
of complexes were measured in a similar manner as in the UOZj
(acac)zDMSO system, and the results are listed in Table 2. It
is found that the exchange rate is first-order with respect

‘to the concetration of complexes.
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C. Mechanism
The data listed in Table 2 indicate that the exchange rate
of the methyl groups depends on the concentration of UOZ(acac)zL
in the first-order and it is unlikely that the exchange proceeds
through the binulear complex formed by Cbllision of UOZ(acac)ZL
complexes. Therefore, it can be considered that one of the
following four mechanisms is responsible for the operative
mechanism which may elucidate the intramolecular exchange of
methyl groups of coordinated acac in UOz(acac)zL complexes:
(i) Complete dissociation of one of two coordinated acetyl-
acetonate ions;
(ii) Rupture of one U-O bond to give a four-coordinated inter-
mediate in the equatorial plane which has one unidentate
and one bidentate acetylacetonate and L;
(iii) A twist mechanism in which the methYl groups exchange
without dissociation of coordinated acetyiacetonateion;
(iv) Dissociation of L to give a four-coordinated intermediate
in the equatorial plane.
In these mechanisms, mechanism (i) 1is eliminafed because the
exchange between tﬁm&éoordinated acac and the free aéetylacetonate
ion is not observed in the present température range where the exchangé
of methyl groups occurs rapidly. Figure 15 shows the lH NMR
spectra of UOZ(acaC)ZDMSO in o—C6H4C12 at 30 °C and of a solution
containing UOz(acac)ZDMSO, free acetylacetone, and o—C6H4C12
at 40 °C.‘ SYmbols (a), (b), and (c) are identical with those 1in

Fig. 1. The methyl proton sighal of the coordinated acac at 30 °C
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is a singlet. This means that the exchange rate of methyl groups
of the coordinated acac is fast at this temperature. At 40 °C, the
methyl proton signals of keto and enol isomers of free acetyl-
acetone were observed at higher field than that of the coordi-
nated acac. ’This indicates that the rate of exchange between
the coordinated acac and the free acetylacetone is very slow. Similar
phenomena were also observed in the exchange reaction of methyl
groups in UOZ(acac)zDMSO in other solvents and in those in
UOZ(acac)zDMF and UOZ(acac)zDEF.

Mechanism (ii) also may not be applied to this reaction
because the réte constant for the dissociation of one-end of

-1

coordinated acac has been estimated to be 2.04 sec at 25 °C

in o-C6H4CI as shown in the next chapter. This value is much

2
smaller than 63.2 sec_l of the present reaction at 25 °C in

o—C6H4C12.

Mechanism (iii) also may be unlikely since the uranyl ion
has a stable linear structure, 0=U=0. This structure may hinder
the formation of the twisted intermediate.

It is found from Tablebl that the activation enthalpies
for the exchange of methyl groups in UOz(acac)ZL in CDZC12 énd
CDSCOCD3 decrease in the ofder I, = DMSO » DMF » DEF. This fact
suggests that the exchange of methyl groups in these complexes
proceeds through the mechanism(iv), in which the propertics of
L may reflect directly in the value of the activation enthalpy.

This mechanism is also supported by the fact that the exchange

of I is fast enough in the present temperature range(-30 - +20 °C)
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and takes place through the D mechanism as shown in chapter IV.

The mechanism (iv) is represented by Scheme I.

Ao
B + L
A
Bl
0
Scheme 1

where the symbols of A and B represent the two kinds of methyl
groups of Cooréinated acac. The rate-determining step is the
dissociation of L from‘UOZ(acaC)zL;: It is assumed -that the
resulting‘intermediate? UOZ(acac)z, has an unsymmetrical tetra-

gonal bipyramidal structure and the exchange of methyl grouns

occurs in only the k, path.

From this mechanism, the observed first-order exchange

rate constant, kintra’ is given by Eq. (2)
kintra - klkZ/(k~1 ¥ k2) (2)

Two limiting forms of Eq. (2) are:

i : =k, = k. when k, % k_.
(1) Kintra 1 inter "0 t2 4 01

[N

(A1) ki ppn T klkz/k~1;when k2<g k4
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where k. denotes the rate constant for the exchange between

intetr
the free and coordianted L in UOz(acac)zLA(Chapter IV). If the

exchange of methyl groups proceeds through this mechanism, the

rate constant should not exceed the value of kinter’ and the

should be equal to that for k.

activation enthalpy for kin inter”

tra

The kinetic parameters for the exchange of methyl groups and of

¥

L in UOz(acac)zL are shown in Table 3. It is seen that AH' values

for both reactions are equal within experimental error and the

ao not exceed those of k.

values of k. )
inter

These facts
intra ;

indicate that the exchange of methyl groups proceeds through
the mechanism (iv) and that the intermediate, UOZ(acac)Z, has an
unsymmetrical tetragonal bipyramidal structure. If the symmetrical

intermediate is formed, the values ofkintra become equal to

those of k. .
inter

Table 1 shows that the values of k in CD._,COCD

intra

Ft

I~ +Th
Oor DOtTn ©

larger than those in other solvents

Fh
o
&
N2 -
~
o
¢
o
o
p—
S8

and UOZ(acac)ZDMF. This may be chiefly attributable to the

(¢

basicity of solvents. Acetone has the largest basicity,among

four solvents used and solvates to the intermediate more strongly.
than other solvents do. This solvation makes the intermediate

more stable in acetone than in the other solvents. Hence the
activation entropyrin acetone becomes larger than in the others,

and the rate of the exchange of methyl groups in acetone becomes
faster than thosc in the other solvents in spite of large activation
enthalpies.

B ‘\ - n
Tt has been suggested generallys’sj in the intramolecular
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exchange reaction that the activation free energy decreases with
increasing dielectric constant of the solvent owing to a lower-
ing of the activation enthalpy as a result of greater charge
separation and greater solvationvin the transition state. The
greater solvation in the transition state better meets the bond
rupture mechanism (ii) than the twist mechanism (iii), because
in the mechanism (ii) the charge separation in the transition
state is greater than that in the ground state due to the
presence of a partially charged uﬁtoordinated'carbonyl group.

In the present study, the activation free energy decreases in the
order CD.NO, > CD,C1,7> o—C6H4C12'> CD;COCD (see Table 1).
This tendency is different from the order, CD,Cl, > o—C6H4C12:)

CD,COCD > CD,NO,, which is expected from that of the dielectric

3 Z°?
9) .

constants”?), i.e. CHNO,(33.94) > CH,COCH,(20.7) > o-CcH,Cl,

(9.93) > CH2C12(8;93). This fact indicates that the difference

" is not attributable to the contribution of only the
intra

in k.
activation enthalpy and that both mechanism (ii) and (iii) are
not responsible to the exchange of methyl groups of coordinated

acac in UOZ(acac)zL.
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iv. ~ SUMMARY

It is concluded that the exchange reaction of the methyl
groups qf coordinated acac in UOZ(acac)ZL (L = DMSO, DMF, and’
DEF) takes place through the mechanism (iv) and that the inter-
mediate,UOZ(acac)z, formed ih this mechanism has an unsymmetri-
‘cal structure in the equatorial plane. The mechanism (iv) is
different from that found in most of B-diketonato Qomplexesl‘7),
where the exchangé reaction proceeds through the mechanism (ii)
or (iii). This difference is attributed to fhe fact that mosf
of B-diketonato complexes are octahedral and, as a whole, can
easily change their structures in the transition state, whereas

a uranyl ion has a stable linear structure, 0=U=0, and the

structure change is restricted within the equatorial plane.
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CHAPTER VI

KINETIC STUDY OF THE EXCHANGE REACTION
OF ACETYLACETONATE IN BIS(ACETYLACETONATO)

DIOXO (DIMETHYL SULFOXIDE)URANIUM(VI) BY NMR
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i, INTRODUCTION

The ligand exchange reactions in various B-diketonato complexes

1-13) 5+ NMR metho 14_18),

have been studied by the labelling method
and the mechanism and the reactivity of various metal ilons have
been discussed.

Little information is available, however, concerning the
ligand exchange reactions in uranyl B-diketonato complexes in spité
of a large number bf'studies‘on‘the ligand exchange reactions in the
‘uranyl complexes with unidentate ligands.

In:this chapter, hence, the exchange reaction between the
free acetylacetone(Hacac) and the coordinated acetylacetonate
(acac) in bis(acetylacetonato)dioxo(dimethyl sulfoxide)uranium
(Vi), UOZ(acac)ZDMSO, is dealt with and the reaction mechanism will
be discussed in detail and compared with the ligand exchange
reactions in other B-diketonato complexes.

In thé'previous chapter, the results of the exchange reaction
of methyl groups in the coordinated acac in.UOZ(acac)zL (L =
'DMSO, DMF, and DEF) were fepQrted and proposed that this exchange
reaction proceeds through the dissociation of L. This mechsnism
was proposed on the basis of the results that the acac exchange
rate in UOZ(acac)zDMSO wés much slower than that of DMSO.
However, if the dissociation rate of one—ehd of coordinated
acac is faster than that of DMSO, the mechanism which proceeds

through the dissociation of L becomes groundless. ‘The present

study was undertaken to solve this difficulty.
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" ii. EXPERIMENTAL

AL Materials

The complex UOz(acac)ZDMSO was the same one as used as
in previous chapter. Acetylacetone(Wako Pure Chemical Ind.
Ltd.) was stored over K2C03 and then distilled twice under
vacuuﬁ. OrthO-Dichlorobenzene(o—C6H4C12) was distilled twice
in vacuo and stored over 3-A molecular sieves. This solvent

was used because of its high boiling point(180.5 °C)

B. Measurements of NMR, UV, and IR Spectra

lHA NMR spectra wwere: measured by using the same instruments

lH NMR spectra were recotrded

as described in Chapter III. The
at least twice, and particulaly the methyl proton signals of the
coordianted acac and the free Hacac were observed more than three
times. Ultraviolet and infrared svectra of UOZ(acat)zDMSO in |

O—C6H4C12

and of UOz(acat)ZDMSO in,o—C6H4C1 containing frce
Hacac: were measured by using Jasco UVIDEC

2
-505 spectropnhotometer
and Jasco DS-701 G IR snectrometer, respectively. The samples
for these measurements were prepared by the same method as that

described in Chapter IV.

C. Measurement of Keto-Enol Equiliblium of Acetylacetone
Acetylacetone exists in keto and enol isomers. The fraction

of the keto and enol forms of acetylacetone in o—C6H4C12 has

been measured from the areas of the methyl proton signals of

measurement was done for 0.1531

w

the keto and enol isomers.  Th

and 1.00 M solutions of acetylacetone in O—C6H4C12i
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Equiliblium constant, K = [Hacac]Keto/[Hacac]Enol, where
[Hacac]KetO and [Hacac]Eno1 denote the concentrations of the
keto and enol isomers of acetylacetone, respectively, was calcu-

lated from these fractions.

D. Kinetic Analysis

Kinetic analysis was done by the same method as described
in Chapter ITI. In the presént system, the keto isomer does not
contribute to the ligand exchange reaction and hence PC and PF

are given by the following equation

2[U02(acac)2DMSO]

Iy ~o M + Yaca
ZLJOZ(a\,aC)zDuSO] [HaCaC]Enol

The values of T2C and TZP were obtained from the linewiths of
thé méthyl‘proton signal of the coordinated acac in UOz(acac)z_
DMSO and of the methyl proton signal of the enol isomer of
acetylacetone 1in 0—C6H4C12, respectively. The chemical shifts
of the coordinated acac and of enol ﬁethyl proton signal were
used as the values of Wi e and Wop - The ‘best-fit t-values were

obtained by using these parameters.
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iii. RESULTS AND DISCUSSION

A. . Structure of‘UOZ(acac)ZDMSO in Solution containing

uo, (acac) ,DMSO, Hacac, and 04C6H4C12

As shown in Chapter V, the structure of UOZ(acaC)ZDMSO'
in o-C6H4C12 has been found to be pentagonal bipyramidal.
In order to examine the structure of UOz(acac)zDMSO in o?C6H4C12
containing free Hacac, the spectra of NMR, UV, and IR for this
solution were measured.
1H NMR spectra are shown in Fig. 1. The signals of (a)
and (b) correspond to the methyl protons of enol and keto isomers
of Hacac, respectiveiy. The (c) and (d) signals are the methyl
protons of the coordinated acac and the coordinated DMSO, respec-
tively. In the spectrum at 60 °C in Fig. 1, the area ratio of
(d) to (c) was 1 : 2. It was found from the area ratios of
(a) to tb) to (¢) and of (d) to (c) that two acetylacetonate ions
and one DMSO molecule coordinate to uranyl ion.

The measurementé of UV and visible spectra were carried out
for two Solutions*containingIﬂ)z(acac)zDMSO, Hacac, and o~C6H4C12,
and UOZ(acaC)ZDMSO and O—C6H4C12. These spectra.were'consistent

with each other. This fact may indicate that the following

equilibrium does not exist.
UOZ(acac)ZDMSO + Hacac T______UO_Z(acacjzacacH +‘DMSO (1)

The IR spectra of two solutions mentioned above were also
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measured. The $=0 stretching of UOz(acac)zDMSO in o—C6H4C12
and of UOZ(acac)zDMSO in o—C6H4C12 containing free'Hacac was
observed at 998 and 994 cm_l, respectively, which is 57 and 61
em™ ! 1ower than that observed in pure DMSO (1055 cm_l), These
results indicates that the DMSO molecule coordinate té the uranyl
ion through oxygen, because it has been knownlg) that the 5=0
stretching frequency decrease when DMSO coordinates through
oxygen in DMSO complexés.

Therefore, it can be concluded that even if the free Hacac

is present in solvent, the equiliblium as shown in Eq. (1) does

not exist.

B. Keto-Enol Equiliblium of Acetylacetone in o—C6H4é12

- It is apparent from Fig. 1 that the keto isomer does not
exchange with the cbordinated acac in UOZ(acac)ZDMSQ in this |
temperature region(60-120 °C). If the keto isomer exchange with
the coordinated acac, the chemical shift and lineshape of the
keto methyl proton signal should be changed with increasing
temperafure, but this phenomenon was not observed. Consequently, "
it is concluded that the exchange of the keto isomer 1s very
slow. |

It is necessary for kinetic analysis to measure the fraction

of keto and enol isomers of Hacac in o—C6H4C12 at each temp-
erature. The fraction of keto and enol isomers has been measured

from the areas of the methyl proton signals of the each isomer

and the equilibliﬁm constant, K = [HacaC]Keto/[Hacac]Fnol9 was
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Fig. 2. A plot'of -In K agaist the recinrocal tempecrature

for the keto-enol equilibrium of acetylacetone

in o—C6H4C12.
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calculated from these fractions. Figure 2 shows the plot of
-1n K against the reciprocal temperature, and the values of

1

enthalpy and entropy obtained are AH = 12.2 kJ mol ~ and AS =

1 "1 The fraction of enol isomer of Hacac at each

21.4 JK © mol

temperature was calculated by using these values.

C. Ekchange Reaction of acac in UOZ(acac)ZDMSO
C-1. Measurements in 0-CeH,C1,

Figure 3 shows the lineshape change of the methyl proton
signals of»éoordinated acac and free Hacac with temperature.
The best-fit t-value at each temperature was determined by the
method described in Chapter II and is shown at the right side
of Fig. 3 together with the calculated lineshapes. The first-
ordér rate constant, kex’ was obtained frpm these t-values and

is expressed by Eq. (2).

7\—1
i

rate/Z[UOZ(acac)zDMSO]

(KT/h)exp (-AH /RT)exp (AST/R) (2)

1l

Similar measurements were done for solutions listed in Table 1.
The logarithms of kex'were plotted against the reciprocal temp-
erature(Fig. 4). It is apparent that the-exchange rate depends
on the enol isomer concentration and the values of kex were
plotted against [Hacac], ;(Fig. 5). Figure 5 shows that Ko

approaches a constant valuc as the [Hacac]Enol increases. This
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Ixperimental (left-hand side) and best-fit calculated 1H NMR
lineshapes of a solution consisting of UOZ(acac)ZDMSO(0,0GOO M)
Hacac(0.256 M) and 0-CgH,C1,(8.71 M). Temperatures and ‘

best-fit t-values are shown at left- and right-hand sides of the

figure, respectively.
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“kK/T
Semilogarithmic plots of kex agajnst the recinrocal temperature
for the exchange of acac in UOZ(acac)ZDMSO. The symbols of
QE 5ﬁ§ , 6, O, A, Ej, <>, and X/ correspond to (i), T[ii),
(iii), (iv), (v), (vi), (vii), and (viii) in Table 1,

respectively.
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relation is represented by the following Eq. (3)

kex - [Hacgc]Enol/(kb N ka[HacaC]Enol) (3)
because the plots Qf l/keX Vs, 1/[Hacat]Enol yield a straight
line with an intercept(Fig. 6) and are expressed by Eq. (4).
1

(4)

1/keX = ka + kb([Hacac]Enol)

The values of ka and kb.were obtained from the intercepts and

slopes in Fig. 6, respectively, and are listed in Table 2.

C-2. Dependence of the exchange rate of acac on the complex concentratio:
It is found from Table 1 that kex values are constant

"regardless of the change in the complex concentration (Solutions

iii, vii, viii). This indicates that the exchange rate depends

on in the first-order with respect to the complex concentration,

C-3. Effect of the added DMSO on the exchange rate of acac

In Chapter 1V, the DMSO exchange in UO2(aca¢)éDMSO has been
studied.  The DMSO exchange proceeds/through the D and Id'mech~
anisms and the exchange rate constant is more than 103 sec — in
the present temperature range(50 - 140 °C). In order to examine
the effect of‘this fast exchange of DMSO, the exchange rate of acac
were measured for thé solutions listed in Table 3. The plots of
log kex against the reciprocal temperature'are shown in Fig. 7.

The activation parameters were obtained from these plots and
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(i), (ii), (iii), (iv) and (v) in Table 4, respectively.
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the results are listed in Table 3. The values of activation
parameters afe consistent with those in Table 1. These results
indicate that the rate-determining step is the same in both
reaction syStems.-

The exchange rate becomes slow as the added DMSO concen-
tration increases(Fig. 8). The plots of l/keX vs. [DMSO] give
the straight lines with the intercepts(Fig. 9) and may be express-

ed as

1/k

ox = KL ¥ kB[DMSO]

or

e
I

ox 1/(ké + k7 [DMSO]) . (S)ﬁ

The values of ké and ké were obtained from the intercepts and

slopes in Fig. 9 and are listed in Table 4.
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Table 4.

The values of ké and k2, kS/kZ and Kqs
at various temperatures
’* ,’k‘k '
Temp. ka kb kS/kZ de
°C 1072 sec M1 sec M1
60 26,2 * 0.6 5.13 = 0.15 51.9 20.2
70 15.1 + 0.7 2.57 + 0,20 56.9 18.2
80 8§.04 * 0.39 1.58 +.0.10 57.4 18.4
90 4,91 + 0.28 0.902 * 0.073 67.3 18.2
% : i
k—l + kz[Hacac]Eno1 1 + Kac[Hacac]En01
ké = or
'klkz[Hacac]Enol leac[Hacac]Eno1
* &
k3 de
kﬁ = or

klkz[HacaC]Enol kIKac[HacaC]Enol
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D. Mechanism
D-1. Exchange reaction in o—C6H4C12

In general, it is necessary that two M-O bonds should be
broken in order to exchange the coordianted acac, and the proton
transfer should occur between coordinated acac and free Hacac.
Hence the possible mechanisms for the exchange of acac in UOZ-

(acac)zDMSO may be represented as shown in Scheme (I).

et

In this-scheme, (IT) is the four-coordinated intermediate
in the equatorial plane which has one unidentate acetylacetonate.
(II1) is the outer-sphere complex which consists of UOZ(acac)z-
DMSO and Hacac which is still in the second coordination sphere
immediately adjacent to UOZ(acac)ZDMSO. The intermediates (IV)
and (V) are the six— and three-coordinated complexes in the
equatorial plane, respectively. The proton transfer takes place
in the path of (IV) — (IV’) or between the dissociated acac and
free Hatac. The symbols of 0-0 and 0-OH represent acac and
enol isomer of Hacac, respectively.

Some reaction routes are proposed as possible mechanisms.
If the exchange reaction proceeds‘through the route (I)— (IV)—>
(IV5)—~a(I’), where the path of (I)— (IV) is the rate-determin-
ing step, the exchange rate should be proportional to fhe con-

centration of the enol isomer, and the activation entropy should -

be a large negative value. If the exchange reaction takes place

through the route (1) (I1) (V) (1I’), where the rate-
determining step 1is the (I)—=(I1) path, the exchange rate should

not depend on the concentration of the enol isomer, and the activation
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entropy should be a large positive value. Finally, if the proton
transfer is the rate—determining step, the exchange rate should

not depend on the enol isomer concentration. These three
mechanisms are not compatible with the results of the acac exchange
reaction, because the exchange rate increases and approaches

the limiting value as the concentration of the enol isomer

increases as is seen in Fig. 5.

a

Other than ‘three mechanisms as mentioned abdve, the following
routes, (I)—(II)—(IV)—> (IV’) —(I’)[mechanism 1] and (I)—
(ITI)—> (IV) —> (IV?’) —> (I’) [mechanism 2], are considered to‘be
possible mechanisms. In both mechanisms, the intermediate (IV)
is formed. This is inbagreement with the fact that the activation
entropies for the first-order rate constants are large negative

values. Mechanism 1 is represented by Eq. (6)

k

L 0 1 00
DMSO(acac)UO2 ) v—————u-DMSO(acac)UOZ
(L) ' ~ (II)
l1’2 ,/O—O N
DMSO(acac)UOZ e« —> (IV?) — (1)
* ~
Hacac 0-0H
(IV)

where the rate-determining step is the path of (I)—>(I1). By

applying the steady state approximation to the intermediate (II),

the first-order exchange rate constant, kex’ is derived from

Eq. (6) as follows,

- s . 1.
klkz[dacac]Enol

ex . i :
ko, + k7[HacacJ?

: 1
L & SO 4
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or

1 1 k_;
—_ = — o+ (7-b)

kz[Hacac]Eno1

Mechanism 2 is represented by Eq. (8)

0y Kac | 0 %
DMSO(acaC)UO ) \--——-—~—-DMSO(acac)UO2 > ---acacH
, ~0’ Hacac® ~0 ,
(1) . _ : (II1) (8)
_0-0
——> DMSO(acac)UO y —> (IV?) —— (1)
k 2.
I 0—0OH
(IV)

where Kac is the outer-sphere complex formation constant.
In the path, (III)-—(IV), the dissociation of one-end of thtE co-

ordinated acac occurs, followed by the coordination of the

incoming enol isomer. In this mechanism, kex is given by Eq.
(9-a)
) . I [Hacac]E JE
Kex = 1 Lo-aj
+ K
ac{HacaC]Enol
or
1 1 1 -
—_ =+ (9-b)
;
ox Ky kIK [Hacac]En 1

Both of Egs. (7-b) and (9-b) are in accord with Eq. (4).
This indicates that the acac exchange reaction may proceed
through either mechanism 1 or 2,  The ka and kb in Eq. (4)

correspond to the coefficients of Eqs. (7-b) and (9-b) as follows:



2L5

for Eq. (7-b)

ka = l/k1 and kb = k—l/klkZ (10)
and for Eq. (9-b)
k. = 1/k and k, = 1/kIKaC (11)

a I b

It is found from Egs. (10) and (11) that kl = kI and kz/k_l =

Kac' These values obtained from ka and kb are listed in Table 2.
The logarithm of kl”or kI was plotted against the reciprocal
temperature (Fig..10). From this plot, the activation parameters
were obtained and listed in Table 2. The AS# value is not largely
negative and may be agreeable with the Viewvthat the path
(I)—+(II) or (III) (IV) is dissiciative. When the value of
‘kz/k_i(Table 2) are extrapolated to 25 °C, we find kz/k_1 = Kye =
1

0.89 M~ The X value of O.SQBfJ‘iS equal to that estimated from

Fuoss equation , 4ﬂNa3/3000,for an interaction distance(a) of 7 & and
is much smaller than the value(4.9 * 1.8 Mul) which was obtained -
from the DMSO exchange reaction in UO,(acac),DMSO in CD2C12.

By considering that the basicity of Hécac(DN = 17n0)9) is smaller

21)

‘thanvthat of DMSO(DN = 29.8) , the Vélue of KaC for Hacac is

expected to be smaller than that for DMSO. Accordingly, the K__
value seems to be reasonable.

The reaction of uranyl ion with acetylacctonc has been

22) .
reported®®’, and the formation rate constant of the mono acac complex
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in a methanol-water mixed solvent was 4930 seC‘_1 at 25 °¢c.

If the value of k, is assumed to be equal to or less than 4930

-1 sec_l,‘the value of k_; is estimated to be less than 5.6 x 103

-1 . . 1
sec at 25 °C. This value may be reasonable because k 1 is

M

considered to be larger than the exchange rate constant of uni-
dentate ligand in uranyl complexes. The rate constants of the
DMSO exchange in UOZ(DMSO)E+ and UOZ(acac)zDMSO are 2.25 x 103
sec™l and 2.23 x 10° secfl, respectively, as shown in Chapters
IIT and 1V.

Although it is difficult to distinguish between mechanism
1 and 2 from the present results, it may be considered that the

rate-determining step is the dissociation of one-end of the

coordinated acac and the resulting formation of intermediate (IV).

D-2. Exchange reactioﬁ in o—C6H4C12 containing free DMSO

The exchange rate of acac becomes slow by thé addition of
DMSO to the reaction system as seen in Fig. 8. The activation
parameters for the first—orderbrate constant in this reaction
are very similar to those for the reaction in o—C6H4C12. This
indicates that the mechanism may be the same as that for the
exchange reaction of acac in o—C6H4CLZ.

- If the acac exchange reaction proceeds through the same
mechanism 1 or 2, and the DMSO molecule behaves as a competitor
to free Hacac in the coordination site, mechanisms 1 and 2 are
modified as Eqs. (12) and (13), respectively.

For mechanism 1,



0 S| 00
DMSO(acac)UOZ ) ————> DNSO (acac) U0,
*

(II) Hacac
'k
DMSO" 2 | (12)
) fIV)——%(IV’\ - (I7)

BMSQ(acac)UO aCa

2\DMso

where DMSO molecule competes with the free Hacac for the coordi-
nation to the vacant site in the intermediate (II).

For mechanism 2,

K
/O\ _-ac . 0 L%
DNSO (acac)U0, ) = DMSO(acac)UO )———acacH
o 2\ * 2
0 Hacac ~0
(1) (II1)
kg
K 8 (13)
ds,J‘DMso |
0
~ * : 2 3
DMSO (acac)Uo, )———DMSO (IV) —>(IV*) —> (1)
\,O ,

I 0

DMSO™ (acac)U0, )
. ~0

where the DMSO molecule forms aﬁ outer-sphere complex with
UOZ(acac)ZDMSO and this formation ré§g1ts in a decrease in the
concentration of the outer-sphere compieX(III) and the exchange
rate. |

From Eq. (12), kex is derived as in Eg. (14)

k,k,[Hacac]
X _ 172 Enol (14-a)
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or

k_; * k,[Hacac] k. [DMSO]
1 By 1 Enol + (14-b)

k k [Hacac] k k [Hacac]
Enol 1 Enol

and from Eq. (13), the following equation is derived,

[Hacac]
k - I ac Enol (15_3_)

ex
: 1+ Kac[HacaC]Enol + KdS[DMSO]
or
1 1 + K, [Hacac]y 4 . Kq g [DMSO] (15-b)
X - -
Cex kK, [Hacacly o k K, . [Hacaclgy, ¢

If these assumptions are valid, the plots of 1/keX vs. [DMSO]
should give a straight line with an intercept(Fig. 9). Figure
0 indicates that these mechanisms are reasonable., The values
of ké‘and ké in Eq. (5) correspond to the coefficients of Egs.
(i4—b) and (15-b) as follows. For Eq. (14-b),

k + kz[Hacac]Eno1

-1
Kex = k,k, [Hacac]
172 Enol
kS
T TR [Hace
kqk,[Hacacly, 4

and for ILq. (15-b),

1 + KaC[Hacac]t ol

oL

ky =
LTKa fHaraLlﬂnOL



]
4]
&}

de

KaC[Hacac]

kb = k

I Enol

In the present reaction system, [Hacac] is constant as shown
in Table 3 and [Hacac]Enol at each temperature was calculated

from the equilibrium constant. By using the values [Hacac]Enol,

kl’ kI, and Kac(see Table 2), the values of k3/k2 and Kgs at

cach temperature were calculated from the kg values and are listed

in Table 4. Moreover, the values of k3/k2 and Ky at 25 °C

are estimated to be about 32 and 60 M_l, respectivelykby using

the values of kj (120 ML sec_l), k1(2.04 sec_l),‘k1(2.04 sec_l),and

}%C(O.SQ_M—l) at 25° C. The calculated K, is much larger than that
-1,20)

from the study of the DMSO exchange reaction in UOZ(acac)ZDMSO
1

expected from the Fuoss equation (0.86 M and that obtained

2 is assumed to

which is the formation

in CD,C1,(4.9 + 1.8 M'%). If the value of k
equal to or less than 4930 L gect 22)
rate constant of mono acac complex of uranyl ion, kS is estimated
to be less than 1.6 X 105 M-1 sec_1 at 25 °C from the value
of ks/k2 = %32, This value is larger than those of the DMSO
exchange in UOZ(DMSO)é+ and UOZ(acac)ZDMSO. However, by consider-
ing that the kS path indicates the coordination of DMSO to the vacant:
site 6f the intermediate (II), it may not an absurd value.

If these considerations are resonable, it is morc likely

that the acac exchange reaction in U0, (acac) ,DMSO procecds

through the mechanism 1 [(I) —(II) —(IV) —(IV’) — (1) ].



C. Comparison with Related Reactions

Kinetic parameters for the present exchange reaction and
other ligand exchange reactions in uranyl complexes with
oxygen donor ligands are summerized in Table 5. The value of
kex for the present'reaction iswidely different from those of
other ligand exchange reactions, where the the ratios of rate
constants are ranging from 30 to 104. Such marked inertness in
the exchange of bidentate ligands has been reported in man)

9,12,13)‘ ‘Most of the ligand exchange reactions

¥

metal complexes
in Table 5 proceed through the D mechanism. The values of AH

¥ of the present exchange reaction are 1afger than those

and AS
of other exchange reactions in UOZ(acac)ZDMSO. The dissociation

of one-end of the coordinated acac should reduce the steric tension
in the equatorial plane. Thisbeffect may reflect in the rst

value of present exchange reaction, which seems to be not so
negatiVé value as compared with those of other exchange reactions.

¥

However, the AH' value is larger than others. As a result, the
present exchange rate becomes slower than other exchange reactions.
Furthermore, the kinetic parameters of the present exchange
recaction are different from the methyl grouprexchahgevreaction
in UOZ(acac)ZDMSO, These differences indicate that the methyl
group exchange of the coordinated acac 1in UOZ(acac)ZDMSO does not
proceed through the bond rupture of one-end of the coordinated acac
[mechanism(ii) in Chapter V] and support thebproposal that the

methyl group exchange proceeds through the dissociation of the

DMSO molecule,
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iv ., SUMMARY

It is suggested that the exchange reaction of acac in
UOZ(acac)zDMSO proceeds through either mechanism 1 [(I)-;%(Il)f—a
(IV)—> (IV?) —> (1°)] or mechanism 2 [(I)— (ITT) —(IV) — (IV)
— (I’)]. These mechanisms are identical in some respects
that they have the intermediate (IV), and the rate-determining
step is the dissociation of one-end of the Cdordiﬁated'acac; while
the intermediate (IV) is formed via (II) in mechanism 1 and via
(IIT) in mechanism 2.

| It is well known that in many acetylacetonato cbmplexes
the ligand exchange reaction proceed through the intermediate
_0-0 |

(acac)nM\O o (n=1or 2, M= V(III), V(IV), Cr(III), Fe(III),

9,12,13,23)

Ru(ITT), and Rh(III)) , which is directly formed from

M(acac) In this mechanism the rate-determining step is the

n+l1-
coordination of free Hacac to M(acac)n+1.

The difference in mechanisms can be attributed to the
structure of UOZ(acac)ZDMSO; Since the reaction site of UOZ—
(acac)ZDMSO is restricted in the equatorial plane which was
occupied by bulky DMSO and acac molecules, the enterimg Hacac can not
approach the first coordiantion sphere of UOZ(acac)ZDMSO,

while the dissociation of one-end of the coordinated acac will make

it easy to form the intermediate (IV).
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CHAPTER VII

CONCLUSION
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The main conclusion to be drawn from the present work

is as follows.

In the uranyl complexes with unidentate ligands which
coordiante through oxygen, most of the complexes except

UOZ(HZO)§+ and UOZ(HMPA)2+ have the pentagonal bipyramidal

structure, i.e. UO L2+ (L = DMSO, DMF, DMA, TMP, TEP, NMA,

275
and TMU). It appears well established that the difference

in the coordination number of uranyl complexes is attributed
to the basicity and size of ligands. The ligand having
large basicity can strongly coordinate to the uranyl ion

and the ligand size relates with the bulkiness in the
equatorial plane. It is concluded that the most stable
structure of uranyl complexes is the pentagonal bipyramidal

one which has the coordination number of 5 in the equatorial

. plane.

It has not been determined so far whether the rate constant

of water exchange in the equatorial plane of uranyl lon is

L ., o 4 n 2 -1 - 5 -1
theé order of 10~ sec or. of 10” sec ~. It was found from

the present study that the rate constant of water exchange
in the equatorial plane of uranyl ion is 9.8 x 105 sechl,

which is in good agreement with the value expected from the

- complex formation reactions of uranyl ion with 4-(2-pyridylazo)

resorcinol and acetylacetone, and that the water exchange
reaction proceeds through the I mechanism. The rate of
water exchange in uranyl ion is much faster than that 1in

. 4+
uranium(IV) (U "), where the rate constant of water cxchange

lies between 1 and 100 sec-l. This difference may be explained



[1ii]

[1v]
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by considering that the surface charge density of UO§+

is smaller than that of U4+

2+
2

The rate constants of ligand exchange reactions in most of

145 100 see”t

and that the ionic radius of

4 0.96 K).

Uo (> 1.7 &) is larger than that of U
the uranyl complexes range from 102 sec

and are independent of free ligand concentrations. Among

‘the ligand exchange reactions studied so far, only three

ligand exchange rTeactions in UOZ(HMPA)§+, UOZ(DMSO)§+, and

UOZ(DMF)§+ proceed through not only the ligand concen-
tration dependént path but also the indépendent path. It
is concluded that the ligand exchange reactions in equa-
torial plane of uranyl complexes proceed through the D
echanism fundamentally, while three Teactions mentioned
above take place even through the A or the I, mechanism
depending on the conditions. .
The plots of the activation enthalpies against the activation
entropies for the ligand exchange reactions in UOZLé+ show
é linear relationship, i.e. an isokinetic relationship
and lie Between the similar plots for Ang+ and MLé+ M =
V, Mn, Fe, Co, Ni, and Mg). This means that the surface

charge density of the U02L§+

2+ é+- Furthermore, the isokinetic plot of UOZL§+

are consistent with that for the solvent exchange reactions

2+ | X o

: ) 5 sCN, DMF, DMA, and DMSO). This
2+

indicates that the surface charge density of VOL5 complexes

complexes lies between those

AlL and ML

in VOL%" (L = H,0, CH,OI, CH

- : + 3
is the same ds that of UOZLé complexes and that the mechanism

. . . S .
of the solvent exchange reactions in VOL. may be similar
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to that of the ligand exchange reactions in UOZL§+, i.e.

the D mechanism.

From the results of the intramolecular exchange Teactions

of methyl groups of the coordinated acac in UOZ(acaC)ZL

1l

(L DMSO, DMF, and DEF), it was found that the structural

" change of uranyl complexes was restricted only within the

equatorial plane, and the linear structure, 0=U=0, was
kept even in the transition state. This property is different
from that of dioxomolibdenum(VI) ion, MOO§+, which is a do
oxocation similar to a uranyl ion,.but 0=Mo=0 is bent rather
than linear. It has been known that the intramolecular
exchange reaction of tert—C(CH3)3 groups of the coordiaqﬁed
dpm in MoOZ(dpm)2 (dpm = dipivaloylmethanaﬁe) proceeds fhrough
the twist mechanism. It seems that the bent structure is

less rigid than the linear structure in the standpoint

of stereochemistry.

It was found that the exchange reaction of acac in UOZ(acacjz-
DMSO proceeded through the mechanism where the rate-determin-
ing step 1is the dissociation of onc-end of the coordinated
acac. The rate constant of the corresponding step was found
to be 2.04 sec-l at 25 °C. Comparison bf the exchange rate
constants of bidentate ligand in various metal compleXxes

gives the following order of the rTeactivity.

Th(IV) A2 UCIV) [102 sec™ ]S> 2r(IV) A0 HE(IV) [107 sec '] >

2+ 0

U(vVI),uos" [10

-3

: sec™ 1 1S v(Iv),vott > Ti(1V) & In(IID) >
Fe(ITI) [107° sec™ 1> Ga(T1T)> v(II1) [10° % sec™ 1>

AL(TTT) > Be(II) > PA(IT) > Co(ITT) [107% sec™ 1> si(1v)>
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Ge (1V) > Cr(1ID [1077 sec™ 1> Ru(rrn) [1071 sec™'1 >
Rh(TTI) [10 1% sec™1y.
An additional comparison of the exchange rate constants

10
of bidentate ligands in various do and d7° metal complexes

lead to the following order.

Th(IV) > Zr(IV) > U(VI),UO%+> Ti(IV) Rz In(III) > Ga(III) >
AL(III) > Ge(IV).

This order is consistenf with that for the water exchange

10

. . 0 . .
rate constants in various d  and d metal ions, i.e.

VOE [108 sec_l]:> UO%+[9.8 x 10° secfl]:> ot [4 x 10% sec—l]
Ti0%" [103 sec_l]:> Ga3+[7.6 x 10° sec_l]:> a1t [16 sec-l].

From the results mentioned above, it is concluded that a

uranyl ion can be classified as a labile ion.
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