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Fe(CO):(NO), similar to previously reported com-
pounds.”® The tendency for Hg[Fe(CO);NO], to
produce Fe(CO)y(NO); on heating alone! makes the
formation of a derivative of Fe(CO)3(NO); on heating
with tris-(dimethylamino)-phosphine not at all sur-
prising.

The proton n.m.r. spectrum of (Tdp).Fe(NO),, like
that of the isoelectronic (Tdp):Ni(CO)s° exhibits a
doublet rather than a triplet due to the 36 equivalent
methyl protons. This indicates that the phosphorus—
phosphorus coupling in (Tdp).Fe(NO); is so small that
each methyl proton is split by only one of the phos-
phorus atoms. This further confirms the observation
that the coupling between the two phosphorus atoms
in a tetrahedral system is much smaller than the cou-
pling between the two phosphorus atoms in the frans
positions of a trigonal bipyramidal or octahedral sys-
tem.b

When Hg[Fe(CO);NO]; was allowed to react for 7
hr. in boiling benzene with bis-(trifluoromethyl)-di-
thietene (I), complete displacement of carbon monoxide
occurred to produce a black derivative of stoichiometry
C4FeS:.FeNO, apparently according to the equation

Hg[Fe(CO:NOl: + 2C:FeSy —> 2CiF3,FeNO + Hg + 6CO

This iron nitrosyl derivative C.F¢S,FeNO appears to be
related to the isoelectronic black compound of stoichi-
ometry CFS:CoCO isolated from the reaction between
bis-(trifluoromethyl)-dithietene and dicobalt octacar-
bonyl.l! Unfortunately, CiFeS:FeNO like C4FS,CoCO
was too sparingly soluble in benzene for a molecular
weight determination by the vapor pressire osmometer.
The F n.m.r. spectrum of this nitrosyl derivative

(10) M. Malatesta and A. Araneo, J. Chem. Soc., 3803 (1957); W. Hieber,
W. Beck, and H. Tengler, Z. Naturforsch., 16b, 411 (1860); D. W. McBride,
8. L. Stafford, and F. G. A, Stone, I'norg. Chem., 1, 386 (1962).

(11) R. B. King, J. Am. Chem. Soc., 85, 1587 (1963).
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indicated it to be diamagnetic. The volatility and dia-
magnetism of these compounds suggest them to be
dimeric and a consideration of related derivatives of
bis-(trifluoromethyl)-dithietene (I)!! suggests struc-
tures with four sulfur bridges for [C4F¢S;CoCO]; (I1)
and [C4FsS:FeNO], (II1).

No iron nitrosyl derivatives of interest were isolated
from the reactions between Hg[Fe(CO);NOJ; and cer-
tain olefinic hydrocarbons such as cyclopentadiene,
cyclooctatetraene, and cycloheptatriene. No evidence
for the formation of derivatives of the type (RC=CR)-
Fey(CO)y(NO); isoelectronic with the known compounds
(RC=CR)Co0,(CO)s'? was obtained in the reactions of
Hg [Fe(CO);NO), with diphenylacetylene and with
hexafluorobutyne-2.  Reaction between Hg[Fe(CO);-
NOJ, and p-anisyl isonitrile gave a green reaction niix-
ture from which nothing of interest was isolated.
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Oxygen-18 tracer experiments have been carried otit on the reaction between UQO, "2 and Cr(II) in aqueous perchloric acid.
Evidence is presented stiggesting efficient transfer of oxygen from UO;%2 to Cr(II) under conditions where the reaction
between the excess Cr(II) and intermediate is rapid. The results of oxygen-transfer experiments are given at 0 and 25°.
The results at 25° and low H* are interpreted in terms of an activated complex containing Cr—0—-U-O-Cr bonds.

Introduction

Newton and Baker? have studied the reaction be-
tween U(VI) and Cr(II) in perchloric acid and have
(1) A preliminary account of this work was presented at the 7th Inter-

national Conference on Coordination Chemistry, Stockholm, June, 1962.
(2) T. W. Newton and F. B, Baker, Inorg. Chem., 1, 368 (1962).

‘appear.

found that the reaction is complicated in that the
reactants disappear much faster than final products
When the reactants are mixed in acid solution
a rapid reaction occurs, followed by a slower reaction
which yields the final products U(IV) and Cr(III). The
stoichiometry of the net reaction is
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2Cr(I1) + TO*2 + 4H* = 2Cr(III) + U(IV) + 2H,0

Newton and Baker have postulated that the initial
rapid reaction results in the formation of at least one
intermediate

Cr(I1) + U(VI) = [CrlILUY]

This paper presents the results of oxygen-18 tracer
studies on the transfer of oxygen from UQ,*? to Cr+?
in the formation of [Cr(OH;)¢]*®. The system chosen
is ideal because it provides an oxidizing agent which is
inert to substitution reactions and an oxidized product
which is also inert to substitution.

TABLE 1
NUMBER OF OXYGEN AToMS TRANSFERRED TO Cr(II) IN THE
RepuctioN oF UO,*2; IniTIAL CHROMIUM—URANIUM RATIO

oF 2.00
Time elapsed Oxygen atoms
during addn, transferred from
HCI10;, Temp., of Cr(I), TO2tt to Cr ¥y,
M °C. sec. Ay
0.10 25 3 1.0
.30 25 4 0.91
44 25 4 .86
.50 25 3 .84
.81 25 3 .79
1.04 25 4 .75
1.44 25 4 .70
0.26 0 4 .08
0.50 0 4 .08
1.09 0 12 .06
Experimental

Chromium(III) perchlorate was prepared by the reduction of
chromium trioxide with a slight excess of forniic acid in the pres-
ence of excess perchloric acid. The salt was recrystallized two
times from perchloric acid solution. The chromium(Il) per-
chlorate stock solution was prepared by the reduction of Cr(III)
solutions with amalgamated zinc, The Cr(II) solutions were
stored under Matheson prepurified nitrogen (99.996%) in a
nitrogen-filled reservoir. All solutions were swept with pre-
purified nitrogen before use.

Solutions of uranyl perchlorate were prepared from wuranyl
nitrate.® Concentrations of the uranyl solutions were deter-
mined by reduction of an aliquot to U(IV) followed by titration of
the U(IV) with ceric sulfate at 50° using ferroin as the indicator.*

The HCIO; solutions were prepared by diluting concentrated
acid and were standardized by titration. The concentrated acid
was A.R. grade and was further purified by boiling at atmos-
pheric pressure and again under reduced pressure. The water
used in the preparation of all the solutions was triply distilled at
atmospheric pressure from an all-Pyrex still.

The solutions were rapidly stirred with Teflon-covered mag-
netic stirring bars and the reactions were carried out in ther-
mostated vessels at 0 or 25°. The reaction vessels were flushed
with nitrogen before filling and an atmosphere of nitrogen was kept
above the reaction mixture during the course of the reaction.

The steps involved in carrying out a tracer experiment on the re-
duction of U0, 2by Cr*2were: preparation of a solution contain-
ing oxygen-18 enriched UC,72 dissolved in normal water; prepara-
tion of a solution of Cr(II) in normal water; rapid mixing of the
reagents with Teflon-covered magnetic stirring bars to bring about
reaction; removal of product U(IV) by precipitation with cup-
ferron; precipitation of [Cr(OHs);]PO. by Hunt and Plane’s
methods; partial thermal decomposition of [Cr(OHs)|PO, to

(3) G. Gordon and H. Taube, J. I'norg. Nucl. Chem., 16, 272 (1961),
(4) G. Gordon and H. Taube, Inorg, Chem., 1, 69 (1962).
(5) J. P, Hunt and R, A, Plane, J. Am. Chem, Soc., T6, 5960 (1954),
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remove H;O for isotopic analysis; conversion of H.O to CO: by
Anbar and Guttman’s method®; and mass spectrometric analysis
of the carbon dioxide.

A typical experiment was carried out by the addition, with
rapid stirring, of ca. 0.16 M Cr(I1) to an acidic solution of UO;*2
using amounts which resulted in an initial concentration of Cr(1I)
and UOs™2 of 4 X 1072and 2 X 1072 M, respectively. In other
experiments the initial Cr(I1) and UQO:™? concentrations varied
by a factor of two and the final voluimnes ranged between 4 and 10
ml. Inallof the solutions the final ratio of chromium to uranium
was two. The actual mixing tiwe is directly reflected by the
length of time elapsed during the addition of one of the reactants.

After the initial rapid mixing, the stirred solutions were stored
at constant temperature under an inert atmosphere for 5 min.
and then the reaction products were separated by the addition of
sufficient 49, cupferron solution to result in the complete precipi-
tation of both the product U(IV) from the reaction and the Zn(II)
present in the initial Cr(I1I). The metal cupferrate precipitate
was removed by filtration and the resulting chromium{III) per-
chlorate solution was treated with sodium phosphate to precipi-
tate [Cr(OH.)e]PO4.5 The 0° reactions were warmed to 25°
prior to the addition of the cupferron to assure complete reaction.
All of the experiments reported in Tables I-IV are the results of
duplicate or triplicate experiments. Each set of experiments was
reproducible to better than 29, which is indicative of the reli-
ability of the individual values of #s.

To test the precision of the isotopic analysis, separate precipi-
tation and isotopic analyses were made on [Cr(OHs)s] T2 in isotopic
equilibrium with water 8-fold enriched in O, The partial de-
composition of [Cr(OH,)e) POy was carried out at 140° in vacuo
after the sample had been outgassed for 10 min. at 1075 mm. and
35.° The water was trapped and redistilled into a vessel suitable
for direct conversion to CO, by the method of Anbar and Gutt-
man® using anhydrous Hg(CN); and HgCl;. These preliminary
tracer studies showed that less than 19, contamination occurred
during precipitation and conversion of the water contained in
[Cr(OH,g)g] *® to CO,.  Additional blank experiments were carried
out using mixtures of [Cr(QOH;z)s] % of known O!® content and
U(IV) under conditions similar to those obtained in an actual
tracer experiment. Oxygen-18 analysis of the [Cr(OH,)s) ™3
after removal of U(IV) by precipitation with cupferron showed
that the method was subject to errors of less than 19.

The stoichiometry of the reaction of UO;*2 with Cr*2 indicates
that 2 Cr(1I) ions are oxidized per UOy*? ion reduced. Thus on
the average each of the two [Cr(OH,)s]*3 ions formed could ob-
tain no more than one oxygen per UO.*? reduced. If the quan-
tity # is the fraction of one oxygen transferred to each of the two
[Cr(OH:);] T3 per UOs12, the values of #¢ can be calculated from
the measured ratios where

ARgped . ; 6(Rp — RHZQ)E‘
ARmax Ryo, ™ — Rmyo

ny =

R, represents the experimentally observed O'% to O ratio of the
product [Cr(OHs)s] "3, Rg,o represents the ratio of the solvent
water, and RvosT? represents the ratio of the oxygen-18 enriched
UO;*2. Thus, #, can have values between 0 and 1. A value of
zero indicates that none of the uranyl oxygen appears in the
product [Cr(OHz)s) ™8 A value of 1.00 indicates that all of the
uranyl oxygen has been transferred and appears in the product
[CI‘(O}IQ)@} +3.

Results and Discussion

It is postulated that the addition of Cr(II) to UO,*2
in acid solution results in the immediate capture of
UQ.*? to form an intermediate?

Cr(I1) + U *? = [CrHI-0-UV-0] +4 (1)

(6) M, Anbar and S. Guttman, J, Appl. Rad, Isotopes, B, 233 (19539).
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TaBLE II
OxYGEN-18 TRacER REsuLTs witH UQO;*? AppEp 10 Crt2 AT
25°; FinaL CHRoMIUM-URANIUM RaTIO OF 2.00

Time elapsed
during addn.

HCI0Oy, of UO:2*2,

M sec. nt
0.26 6 0.72
0.55 4 1.01
1.04 4 0.65
0.26 30 .72
0.55 35 .89
1.04 35 .52

which concurrently reacts with excess Cr(II) to form
products

[Crii-0-UY-0] +* 4+ Cr(1I) = 2Cr(I1I) + U(IV) (2)

During the process shown in eq. 1 and 2 very efficient
transfer of oxygen from UO,* to Cr(II) takes place at
25°. The data supporting these conclusions are shown
in Table I. At 25° the observed value of #, is always
greater than 0.70, which implies that Cr-O-U bonds
must be formed.

It has been suggested? that the intermediate is
indeed a U{(V)-Cr(III) species rather than a U(VI)-
Cr(I1) species since its spectrum is similar to those of
other Cr(IIT) complexes. Thus the species is probably
[(H,0)s~Cr''-0-UY-0]*4.  Since complete oxygen
transfer can be observed, we conclude that the inter-
mediate is capable of reactions with excess Cr(II)
before disproportionating or dissociating. If dissocia-
tion did occur before reaction with a second Cr(II),
a maximum value for #; of 0.75 would be observed;
if disproportionation to Cr(III), U(IV), and U(VI) took
place, the maximum value of n; would be even less.

Additional experiments have been carried out in
which UQO,*+?is added to Cr(II) at 25°.  These results
are summarized in Table II. The principal reactions
which occur are (1) and (2) and substantial transfer of
oxygen from the UO;*2 to the initially excess chromium
does occur. Even when the UO;*? is added very
slowly, the intermediate is capable of reacting imme-
diately with Cr(1I) so that large values of n; are ob-
served and in some cases they are close to the theoretical
maximum. An unusual dependence of #, on the H+
jon is observed and this is interpreted in terms of various
competing rates for the decomposition of intermediates
and the oxygen exchange of intermediates with sol-
vent.

Experiments also have been carried out by mixing
chromium with uranium in a 1:1 ratio. These condi-
tions should result in a maximum amount of interme-
diate. The data are shown in Table ITI. At 25° the
intermediate is very reactive and almost all of the
intermediate disproportionates before the second aliquot
of Cr(II) is added some 30 to 300 sec. later (the final
chromium—uranium ratio is 2.00). This is substanti-
ated by the fact that the finalvalues of #; shown in Table
11l do not change appreciably when the delay time
between addition of aliquots ranges from 30 to 300
sec.

Assuming that Newton and Baker's mechanistic
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TaBLE 111
OxvYGEN-18 Tracer Resvrts witd Cr(I1) Appep IN Two
ALiguors; FiNaAL CHROMIUM-URANIUM RaTIiO OF 2.00

Time between
addn. of 2 ali-

HC104, Temp., quots of Cr(II),

M °C. sec. N
0.26 25 30 0.28
0.55 25 30 .48
1.04 25 30 .64
0.26 25 300 .33
0.55 25 300 .55
1.04 25 300 .70
0.26 Q 30 .35
0.50 0 30 .38
1.09 0 30 47
0.26 0 300 .28
0.50 0 300 .26
1.09 0 300 .28

arguments based on data at 0° will also apply at 25°
under conditions of high intermediate concentration,
there exist at least two intermediates

[CriI-0-Uv-0] + = Cr-U* (3)

The exact composition of the species designated by
Cr-U* is unknown. However, the detailed oxygen-18
tracer experiments can be used to elucidate its composi-
tion. Then under the conditions of the tracer experi-
ments the principal path for loss of intermediate is

Cr-U* + [Cri-0-UY-0] 4 =
U0y + U(IV) + 2Cr(III) (4)

and
Cr-U* = Cr(III) 4+ U0+ (5)
followed by
UO:* + Cr-U* = Cr(III) + U0, *2 4+ U(IV) (8)
or
2UO,* = UO,*t + U(IV) %)

Since Cr-U*, which is taken to be the more reactive
intermediate, could be as much as 109, of the original
intermediate, the disappearance of intermediates is
certainly complex.

It has been suggested that Cr-U* cannot be a mix-
ture of UO.+ and Cr(III). If the intermediate were
dissociated, the UO,™ would catalyze the UQO,*2-H,0
exchange as shown by Gordon and Taube” Their
results indicate that the rates of oxygen exchange
between UO,;* and H;O proceeds 107 times faster than
that for UQ,*? in dilute acid, and in 1 M HCIO, the
rates differ by more than 10°. The dominant path for
the exchange of UO,*? with water presumably takes
place through the ion UO.OH*+. Gordon and Taube
also cite evidence that the rate of exchange of UQ,+
with water is linear in H+.?

Masters and Schwartz® and others®!® have shown
that UO,* disproportionates more rapidly at high acid
appropriate to the rate law

(7) G. Gordon and H. Taube, J. I'norg. Nucl. Chem., 19, 189 (1861).

(8) B.J. Masters and L. L. Schwartz, J. Am. Chem. Soc., 83, 2620 (1961).

(9) H. Imai, Bull. Chem. Soc. Japan, 80, 873 (1957).

(10) D. M, H, Kern and E, F, Otlemann, J. Am. Chem. So¢., T1, 2102
(1949),



1280 GILBERT GORDON
d . .
T [UO:*] = kp[UO:*]*[H ] (8)

The rate constant kp has the value 436 M —2 sec.”! for
solutions of ionic strenght 2 at 25°,

TABLE IV
OxYGEN-18 TRACER REsuLTs WITH SLow AppITiOoN OF Cr(II);
FixaL CuroMIvM—URANIUM RaTIO oF 2.00

Time elapsed
during addn,

HCI0,, Temp., of Cr(II),

M °C. sec. Nt
0.26 25 30 0.39
0.55 25 35 .41
1.04 25 60 .25
0.26 0 50 .26
0.350 0 50 .27
1.09 0 40 .26

Therefore if the more reactive intermediate were
dissociated, UO,* and Cr(IIT), the UO,* would be at
isotopic equilibrium with solvent and would catalyze
the U0, *-H,0 exchange. However, the concentration
of catalyst would decrease with increasing acidity and
the value of #¢ should increase to a maximum of 0.5 if
UO;* were the reactive intermediate. Therefore the
steady-state concentration of UO,* must be very
small.

At 0° with an initial chromium-uranium ratio of
two, rapid addition of Cr(II) results in very low values
of n¢ (see Table I). When the Cr(II) is added more
slowly the value of # is increased more than threefold.
Newton and Baker have shown that, with an initial
chromium-uranium ratio of two, at the end of 30
sec. less than 0.07 intermediate per UQO;*2 is left in
solution. If (4) is the dominant path for the destruc-
tion of intermediate, even if UQO;*? exchanges com-
pletely before addition of the second aliquot of Cr(II),
n, must be at least 0.5. This is also true if (5) is the
dominant decomposition reaction. Since %y is as little
as 0.06 at 0°, the transfer is not efficient in at least one
form of the intermediate or exchange can occur at 0°
between the intermediate and the solvent.

Taube!! has suggested that two forms of the inter-
mediate might only differ in degree of hydration and
bridging. A more detailed representation of eq. 3 is
shown in eq. 9.

(11) H. Taube, private communication, 1962.
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H;0 + [(H20)~Cri-0*-UV-0%*] 4 =
+4

H
O OH
AN
(HzO);‘Crl“ Uy (9)
N
o) O*H
H

The double-bridged intermediate would be the more
reactive one and this species could also account for the
oxygen exchange of the intermediate with solvent if at
25° eq. 9 represented a rapid equilibrium. However,
the double-bridged intermediate is not uniquely neces-
sary for the exchange.

The increasing of #; with increasing H+ under con-
ditions of high intermediate concentration shown in
Table IIT is not in disagreement with this proposal;
however, it does not preclude the possibility that simply
less efficient transfer of uranyl oxygen takes place at
higher acidities.

Table IV shows the results of slow addition of Cr(II)
to UO,*? with a final chromium—uranium ratio of two.
The slow addition of Cr(II) results in combinations of
reactions 2-6. The amount of transfer at 25° is sub-
stantially smaller than when the Cr(II) is added rapidly
and smaller differences are observed in the values of
s

The slow addition of Cr(II) and the experiments with
an initial chromium to uranium ratio of one at 0°
are in substantial agreement with the results at 25°,
although the trends are somewhat less pronounced.

In conclusion, the results of the oxygen-18 tracer
experiments show that at 25° the predominant inter-
mediate in the reduction of TO;*2 by Cr*? is a species
which contains U-O-Cr bonds and that this species in
the presence of excess Cr*? forms an activated complex
containing Cr—-O-U-O-Cr bonds which under condi-
tions of low HT results in the complete transfer of
uranyl oxygen to the Cr(II).

Additional tracer experiments in the presence of
complexing ligands Cl~, Br—, and NCS~ are currently
under investigation in an attempt to find evidence for a
double-bridged intermediate with the anion acting as
one of the bridging ligands.
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