HALOPENTAAQUOCHROMIUM(III) COMPLEXES

F,PS;H, (F.PS;):, and, as red crystals, tris(difluorodithio-
phosphmato)vanadmm(III) £

(e) Titanium Tetrachloride. —~T1tan1um tetrachloride (0.2104
g, 1.11 mmol) and F,PS:H (0.5413 g, 4.04 mmol) were mixed .and
allowed to react as described above. The mixture slowly
darkened to a red-oratige solution. After standing (1 day) the
mixture was fractionated to afford HCl (0.049 g, 1.34 ‘mmol),
_ excess FyPS;H (0.3859 g; consumed, 0.1554 g, 1.16 mmol) and
an orange liquid, probably trichloro(difluorodithiophosphinato)-
titanium (IV), of very low volatility. Repeating the reaction
over 7 weeks or at 70° (1 day) afforded similar results. The
liquid was sufficiently volatile to enable small amounts to be
transferred (~2 days, 25° (10™¢ mim)) to a break-seal for mass
spéctrometric or to an nmr tube for ¥F nmr characterization
of the product.

(f) Niobium or Tantalum Metal.—Niobium metal did not
react (25-70°, 100 days) with F;PS;H. Tantalum metal did
not react at room temperature with F;PS,H but at 70°.(140
days) catalyzed the decomposition of F;PS;H to P,S; and a
mixture of volatile products including SPF;.

Summary and Conclusion

Unlike the reactions of FoPS;H with VCl, discussed
herein and VCl;,3 OVCls,®* 0,CrCl,,” MoCl;,” MoCly,”
or OMoCl,,” total replacement of chlorine was not
achieved for TiCl, NbCl, NbCl, or TaCls, and the
major products were complexes of the metals in their
original valence states.

The major products in the reactions of HSQPFz with
NbCl; or TaCl; were the complexes CLM(S;PFs),
(M = Nb, Ta), and in each case at least 2 mol of F-
PS;H was consumed, and 2 mol of HCI or slightly more
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was evolved: The failure of the acid to reduce the oxi-
dation stdtes of the central metal atoms (except vana-
dium) illustrates the stability of the oxidation states
54+ (Nb, Ta) and 4+ (Ti) for these metals. The
oxidation state 34 is an important one for vanadium,
and its resistance to oxidation to the 4+ state is greater
than that of titanium. Thus the formation of the
complex V(S;PF,);, with the highly favored six-coor-
dination about vanadium; was most facile. The re-
placement of only one chlorine about titanium is sur-
prising, when two chlorines are easily replaced by
ligands such 4s acetylacetonate, but six-coordination
about titanium could be satisfied by formation of a
stable chlorine-bridged polynuclear complex which then
does not suffer further replacement.. It is of interest to
note that, if the niobium and tantalum complexes are
indeed nonionic, and the F,PS, ligand is bidentate as
suggested by the infrared .and YF nmr spectra of the
complexes, then these metals are in a seven-coordinate
enviotnment. Though uncommon, such an environ-
ment is known for these metals.!81°

Aclnowledgment.—We thank the National Re-
search Council of Canada for financial support of this
work.

(18) D. C. Panteleo and R.-C. Johnson, Inorg: Chem., 10, 1208 (1971).
(19) J. H. Canterford and R. Colton, ‘‘Halides of the Second and Third

Row Transition Metals,” Wiley, New Vork, N. Y., 1968, pp 145~197.

CONTRIBUTION FROM THE DEFARTMENT OF CHEMISTRY AND THE LLABORATORY FOR RESEARCH ON THE STRUCTURE OF MATTER,
UNIVERSITY OF PENNSYLVANIA, PHILADELPHIA, PENNSYLVANIA 19104

Linear Free Energy Relationships in the Mechry(II)-Catalyzed Aquation of

Halopentaaquochromium(III) Complexes'*

By JAMES P. BIRK* anpo CAROL M. INGERMAN?

Received January 7, 1972

The kinetics of the mercury(II)-catalyzed aquations of the halopentaaquochro'mium(III) complexes have been determined
at 0.500 M ionic strength. The general form of the rate law is ~d In [Cr(H:0)sX2+]/d¢ = (ks + ki[H*]1)[Hg?*]. The
values of k (M ! sec™!) at 25.0° are <2 X 1077, 0.0347, 288, and ca. 6 X 107 for X = F, Cl, Br, and I and of k_; (sec™)

are 0.0312 and 210 for X = Cland Br.
HgCly to be 9.10 X 107 and 518 M~ sec™! at 25.0°.

Valites of ky were also detérmined for the reactions of Cr(H20)512+ with HgCl+ and
Activation parameters were determined for most of these reactions. A

linear free energy relationship was established for the Hg?*-catalyzed reactions and had a slope’ of 0.90 =& 0.02, indicating
substantial breaking of the Cr-X bond and making of the Hg~X bond in the transition state, in agreement with results of

chemical competition studies.

Introduction

The aquat1on of cobalt(III) complexes appears to
proceed via formation of a five-coordinate intermediate
with ‘“‘good” leaving groups (generated by reactions
such as Co(NH;);X2+ + Hg?* (X = Cl, Br, I)? and
Co(NH;);N;2+ 4 HNO.%). With relatively ‘“‘poor’”
leaving groups, the mechanism is still dissociative! but
apparently does not involve the formation of an in-
termediate.’ In the case of the unassisted aquation of

(1) (a) Taken in part from the M.S. thesis of C. M, I, 1971,
tional Science Foundation Traihee, 1060-1971,

(2) F. A. Posey and H. Taube; J. Amer. Chem. Soc., 19, 255 (1957).

(38) A. Haim and H. Taube, Inorg. Chem., 2, 1199 (1963)

(4) F. Basolo and R. G. Pearson, ‘“Mechanisms of Inorganic Reactions ’
2nd ed, Wiley, New York, N. V., 1967, Chapter 3.

(8) R. G. Pearson and J. W, Moore, Inorg. Chem., 8, 1334 (1964).

(b) Na-

acidopentaamminecobalt(III) complexes, Lang‘ford6 has
shown that the free energy of activation AG™ for the
forward reaction is linearly related to the standard
free energy change AG® for the overall reaction

Co(NH;)sX2* 4+ HpO = Co(NH;);OH,8t + X~ 1

A plot of the log of the first-order rate constants vs.
the log of the corresponding equilibriim constants
(X = F, H,POy, Cl, Br, I, NO;) is fully linear with a
slope of 1.0.8 For the analogous reactions of iridium-
(IIT) complexes, the slope of the linear free energy

relationship (LFER) is 0.9.7 Both studies suggest that

the role of the departing ligand in the transition state

(8) C. H. Langford, $bid., 4, 265 (1965).
(7) A. B. Lamb and L. T. Fairhall, J. Amer. Chem. Soc., 46, 378 (1923).
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for the aquation reaction is strongly similar to its role
in the product as a solvated ion, even though the pro-
cesses are not purely dissociative.®

Swaddle and Guastalla® investigated the LFER for
the acid-independent path in the unassisted aquations of
the halopentaaquochromium(IIT) complexes and found
a slope of 0.56 at 25° and 0.59 at 50°. They concluded
that the transition state of the aquation reaction re-
sembles the products only to a moderate degree. Pre-
vious kinetic results on the reaction of Cr(H;0);Cl*+
with Hg?+ indicated that HgCl* is probably a “good”’
leaving group,® and indeed, when this reaction is carried
out in NO;s~ or methanol-water solutions, the products
contain Cr(H,0);:NO;2* ©® or Cr(H,0);CH;OHS3* 1 in
amounts greater than could be accounted for by sub-
stitution on Cr(H,0)e*+, suggesting the presence of a
five-coordinate intermediate formed in a dissociative
process. ,

In the present work we wish to develop the LFER for
the mercury(II)-assisted aquations of the halopenta-
aquochromium(III) complexes (eq 2), so that the use of

Cr(H,0)%X2+ + Hg?t + Hp0 = Cr(H;0)*" + HgX ™t (2)

the LFER as an indication of the degree of dissociation
in the transition state can be tested on a system for
which there is strong evidence for a completely dis-
sociative mechanism,

Experimental Section

Preparation of Reagents.—Chloropentaaquochromium(III)
perchlorate solutions were prepared by dissolving reagent grade
chromium(III) chloride in 0.1 M perchloric acid, purging with
nitrogen, and adding a small amount of chromium(II) per-
chlorate. After shaking with air, the solution was adsorbed on a
column of Dowex 530W-X8 50-100 mesh cation-exchange resin
and the monochloro complex was eluted with 2 M perchloric
acid. The solution was stored at low temperature to prevent
decomposition. The bromo and fluoro complexes were pre-
pared from the analogous chromium(III) halides in the same
manner except that a jacketed column held at 0° was used for
the bromo complex and a column of 20-50 mesh Dowex resin
was used for the fluoro complex. The iodo complex was pre-
pared by adding chromium(II) to a solution of iodine prepared
by reaction of iodic acid with sodium iodide in 0.1 M perchloric
acid that had been purged with nitrogen. The solution was
filtered and transferred to an ice water cooled column of resin
and the monoiodo complex was eluted with 1.0 M perchloric
acid. The purity of the solutions was checked spectrally using a
Cary 14 recording spectrophotometer. Small amounts of hexa-
aquochromium(III) were found in both the fluoro and iodo com-
plex solutions and the exact amount of each complex was de-
termined from the spectra and the total chromium concentra-
tion determined by oxidation with alkaline peroxide and spectro-
photometric analysis of the Cr(VI) produced.'? Solutions of
mercury(II), barium(II), and chromium(II) perchlorates,®
lithium chloride,!® and perchloric acid® were prepared as de-
scribed previously. Lithium perchlorate solution was prepared
by neutralizing a weighed amount of the hydroxide with per-
chloric acid and the final solution was analyzed by ion exchange.
Care had to be taken to obtain solutions reasonably free of COs, or
BaCO; would precipitate from reaction solutions. Distilled
water was used in all solutions.

Kinetics.—Kinetics experiments were carried out with a
Durrum stopped-flow spectrophotometer or with a Cary 14
recording spectrophotometer using an expanded-scale slide wire.
Measurements were made at 670 nm for the fluoro complex, 440
nm for the chloro and bromo complexes, and 400 nm for the iodo

(8) T. W. Swaddle and G. Guastalla, Inorg. Chem., T, 1815 (1968).

(9) J. H. Espenson and J. P. Birk, ibid:, 4, 527 (1965).

(10) J. P. Birk, unpublished experiments,

(11) S. P. Ferraris and E. L. King, J. Amer. Chem. Soc., 92, 1215 (1870).
(12) G. W. Haupt, J. Res. Nat. Bur. Stand., 48, 414 (1952).

(13) J. P. Birk, Inorg. Chem., 10, 66 (1971).
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complex, For the first three complexes, experiments covered the
concentrationranges (0.5-1.0) X 1073 M CrX?2*, (0.5-5.0) X 102
M Hg?*, and 0.02-0.35 M H*. The concentration of dipositive
ions was held constant at 5.0 X 1072 M by addition of barium
perchlorate and ionic strength 0.500 M was maintained with
lithium perchlorate.

Initial experiments with the iodo complex at room temperature
indicated that at a Crl2* concentration which would give an
observable absorbance change (1.0 X 10~® /) and a Hg?* con-
centration high enough to ensure pseudo-first-order conditions
(1.0 X 1074 M), the half-life for the reaction was less than 1
msec even at 0.50 M H*, The reaction was slowed to an ob-
servable rate by reducing the concentration of the active forms
of the catalyst by complexation of Hg(II) by Cl~. It has been
shown previously that Hg?* and HgCl™ have similar catalytic
activity, while the higher complexes are relatively inactive.?:18=%
Thus, addition of Cl~ reduces the concentration of active
catalysts while holding their concentrations nearly constant
throughout the reaction as long as pseudo-first-order conditions
in total Hg(II) are maintained. Iodide ion was not used because
of the low solubility of Hgl,. The exact amount of each mercury
complex and of the available free chloride in solution was cal-
culated!® for each total mercury concentration employed, (0.75-
5.0) X 107% M, using literature values* 8 of the equilibrium
constants for the four complexation reactions and their variation
with temperature. The values of K, K3, K3, and K; used were
8.9 X 108, 4.2 X 10%, and 12.0 at 15°; 5.5 X 10¢, 8.0 X 10¢, 7.1,
and 10.0 at 25°; 2.0 X 108, 4.2 X 108, 5.5, and 9.4 at 35°.

Absorbance-time data for all experiments were plotted by the
Guggenheim method!® and were generally linear for at least 909,
reaction,

Results

Reaction of CrF?+—No evidence of mercury(II)
catalysis was found for the aquation of the fluoro com-
plex in solutions of 0.05 M Hg?+ and 0.1 M H+ over
the temperature range 45-65°. Assuming that a con-
tribution from a catalytic reaction at least equal to
that of the spontaneous reaction could have been
detected and extrapolating literature data? for this
aquation to 25° and 0.1 M H™, an upper limit for the
catalytic rate constant kcr (eq 3 below) can be set
at <2 X 1077 M~1sec™. This limit is consistent with
the value predicted from the LFER developed below.

Reaction of CrCl?*+ and CrBr?+.—Linearity of the
Guggenheim plots and variation of mercury(II) con-
centration over a tenfold range verified the expected
first-order dependence on Cr(III) and Hg(II) concen-
trations according to the rate equation

—dIn [Cr(H,0);X27]/di = kcrx[Hg?+] (3)

Conformance to this rate equation is shown in Figure 1.
Variation of the acid concentration at constant [Hg(II)]
(see Table I) yielded the following equation for the
second-order rate constant

korx = ko + ko [H*T]? (4)

Data taken at 15, 25, and 35° were each fit to this
equation using a nomnlinear least-squares computer
program.?* The computed values of %, and k—; re-
produce the data with an average deviation of 1.3%

(14) J. H. Espenson and S. R. Hubbard, 76id., §, 686 (1966).

(15) C. Bifano and R. G. Linck, ¢6id., T, 908 (1968).

(16) L. G. Sillén, Acia Chem. Scand., 8, 539 (1949).

(17) L. D. Hansen, R. M. Izaat, and J. J. Christensen, Inorg. Chem., 2,
1243 (1963).

(18) C. L. van Panthaleon van Eck, Thesis, Leiden, 1958; cited by G. B.
Deacon, Rev. Pure Appl. Chem., 18, 189 (1963).

(19) E. A. Guggenheim, Phil. Mag., {7] 2, 538 (1926).

(20) T. W. Swaddle and E. L. King, Inorg. Chem., 4, 532 (1965).

(21) The programs used are based on reports from Los Alamos Scientific
Laboratory, LA-2367 + addenda, and were modified to operate on the IBM
360/75 computer.
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Figure 1.—Plot of konsa vs. [Hg?*] at 25° and 0.10 M H*: O,
CrClet n = 3; A, CrBr2*, n = 0.
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TasLe I

VALUES OF THE RATE CONSTANTS FOR THE. REACTION OF
Hg?t+ wita CrX2* at Various [HY]

korx, M ! sec™1—

—_—

102[H*], X = CI X = Br
M 15° 25° 35° 15° 25° 35°
35.0 0.0318 0.124 0.369 327 894 1980
30.0 0.0356 0.138 0.413 963 .
25.0 0.0395 0.161 0.469 385 1130 2590
20.0 0.0467 0.189 0.561 439 1360 3150
15.0 0.0636 0.241 0.721 542 1720
10.0 0.0866 0.347 1.06 ' 673 ' 5680
B 0.128 0.501 1.45 975 3460
5.0 0.174 0.666 4390
2.0 1.58

for CrCl2+ and 1.09; for CrBr2+. The values of &, and
k_y obtained at each temperature were then fit to the
absolute rate theory expression to obtain the activa-
tion parameters for both reactions. Values of the rate
and activation parameters are given-in Table II. The

TaBLE 11

VALUES OF THE RATE AND ACTIVATION PARAMETERS FOR THE
REeAcTION oF Hg?* witH CrX2+

AHF, AS¥, £ —
Compd kcal/mol eu 15° ) 25° 35°
CrCl2+  Rypath 22.0=+1.2 8.5+2.9 0.00818 0.0347 0.108

k-1path 20.9 =0.9 4.5+3.2 0.00805 0.0312 0.0018
CrBr2+ ko path 8.7+0.8 ~24.9+2.7 173 288 397
k.ypath 20.0x1.5 19.0+5.1 53.5 210 552

& Units of b and k_i are M ~! sec™! and sec™!, respectively.

activation parameters reproduce the values of kg-and
k-, with average deviations of 6 and 4%, for CrCl1?* and
4 and 79, for CrBr?™, _

Values of these parameters have been determined
previously?® for the CrCI?+ reaction in a different ionic
medium (0.158 M. 24 dons, 1.00 M ionic strength).
Considering the difference in medium, the agreement is
quite good—e.g., values of ko and k= at 25° in the pre-
vious study were 0.0478 M1 sec~! and 0.0266 sec™.

Reaction of CrI*+.—For the reactios of the iodo com-
plex with mercury(II) in the presence of added chloride
ion, the dependence on total mercury(II) concentration
is not simple when the free chloride ion concentration
is below 1.5 X 10—2 M. At this chloride concentration
the [Hg(II)] dependence is simple first order, but devia-
tion from this dependence increases as [Cl™] is de-
creased (Figure 2). The data did not fit any simple

Inorganic Chemistry, Vol. 11, No. 9, 1972 2021

q
1

80

§

o

TTTT i T T T Tt I I T Vv T r T TriTyd
&
-~ —
LR

B

\

Lt 4]

O O Y I I |

a
11

085D)
{Sec)

30

[

20

[ A I Y I |

>
1

10 / ¢ o
s /b;o/ —

1

2 5

1o3[H ]

Figure 2.—Observed rate constant vs. [Hg(II)] for the reaction
of Hg(II) with CrI2* at 25° and 0.50 M H+: A, 1.5 X 102 M
Cl=; 0,856 X 1073 MCl—;0,63 X 1073 MCl—; v, 50 X 103
M Cl-.

rate equation well but are consistent with a dependence
of the form

—d In [Cr(H;0)I2+]/dt = o[Hg(D)] + b[Hg(ID)]? +
c[Hg(AD)]* (5)

Attempts to determine the chloride dependence of the
last two terms were not successful. We do not under-
stand the origin of the additional terms but behavior of
this type has been observed previously in the Agt-
catalyzed aquation of Co(NHy);I2+.22 If the value of ¢
in eq 5 is set.équal to the limiting slope of the Hg(II)
dependence illustrated in Figure 2 and the observed
rate constant is dssumed to be a composite of the in-
dividual constants for reaction with each form of mer-
cury present, the relationship can be expressed as

@ = kowsa/ [Hg(ID)] = ks [Hg?+]/[Hg(ID)] +
Brgor [HgCl*)/ [Hg(IT) ] 4 Frger,[HgCL/ [Hg(IT)] +
Frgon, [HgCl— 1/ [Hg(ID)] +
Figor, [HgCl2~]/[Hg(ID)]  (6)

The limiting slopes and the relative concentrations of
the mercury complexes at each free chloride concentra-
tion were fit to this equation with a nonlinear least-
squares computer program. The most satisfactory fit
was obtained with kug, Rugscn, and kum.ci, set equal to
zero. Allowing Rug, kmgon, or both to vary did not im-
prove the fit appreciably and gave a value for kg,
greater than that for a diffusion-controlled reaction.
Even assuming a diffusion-controlled rate, the Hg?*-
catalyzed path never -contributes more than 0.19% to
the overall rate at the concentrations accessible to us, ex-
cluding an accurate determination of &g, by this method.
Thus any value of ku, at the diffusion-controlled limit
or lower would be consistent with this data treatment,
which also gives rise to a standard deviation of kg,

(22) G. C. Lalor and D. S. Rustad, J. Inorg. Nucl. Chem., 81, 3219 (1969).
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TaABLE III

RaTE CoNSTANTS AND RELATIVE MERCURY CoMPLEX CONCENTRATIONS FOR THE REACTION

or Crl2* writH Hg(II) AT 0.50 M H*

JaMEs P. BIRK AND CAROL M. INGERMAN

— —10 ~3kobsd/ [Hg(11) ], M -1 se¢ ~lmmo—u— 1010[Hg2+*]/ 105{HgC1+)/ 10[HgCl.]/
0[C1-], M 15° 25° 35° [Hg(ID]® [Heg{ID]* [Hg(ID)]*
15.0 1.05 2.34 5.63 £ 0.16 2.39 1.97 8.91
12.0 1.37 2.64 6.83 £ 0.53 3.82 2.52 9.13
10.0 1.44 3.22 8.66 = 0.10 5.47 3.04 9.27
8.50 2.07 3.88 9.53 £ 1.13 7.83 3.66 9.39
6.30 2.31 5.10 12.74 &+ 0.58 14.5 5.02 9.55
5.60 2.49 5.60 18.4 5.68 9.60
5.00 2.55 6.40 23.2 6.39 9.64

e Relative mercury complex concentrations are given for 25°.

equilibrium constants given in the text,

TABLE IV

The ratios at other temperatures can be calculated readily from the

VALUES OF THE RATE CONSTANTS AND ACTIVATION PARAMETERS FOR THE REacTION oF CrI?* wita HgCl+ anp HgCl,

kHgClm, M ~1 sec?

AH¥, keal/mol ASF, eu 15° 25° 35°
HgCl+ 15.3 = 5.0 29.6 = 18.6 5.26 X 107 9.10 X 107 32.4 X 107
HgCl, 9.3¢ = 0.94 —14.7 = 3.1 3.16 X 10° 5.18 X 102 9.76 X 10%
over an order of magnitude larger than its value. For
TaBLE V

these reasons, it was necessary to use an alternate
method, described below, to estimate the value of kx,.
The values of the limiting slopes at 0.50 3/ H* and

Rate ConsTaNTs AND EQUILIBRIUM CONSTANTS AT 25° AND
0.50 M IoNic STRENGTH

; h X Log ke Log Kmgx Log Korx  Log K Log kan®
the relative concentrations of the mercury complexes F <—6.7 1.03 —4.33 —3.30
at 25° used in eq 6 can be found in Table III. The Cl —1.46 6.74 —1.27 8.01 —9.47
data at 15, 25, and 35° are reproduced by the com- ?f g‘;g 132; ‘gii igg? —lggg
puted values of Emgc: and kgmeci, (Table IV) with an _NCS —407 908 > 14 694 —11.01

average deviation of 6.0, 2.0, and 6.49, respectively.
The rate parameters for reaction with each mercury
complex were fit to the absolute rate theory expression,
and the activation parameters derived in this way
(Table IV) reproduced kugci and kugci, with an average
deviation of 19.7 and 4.09, respectively. Variation of
acid concentration at constant free chloride indicated
the same dependence as found for the other chromium
complexes (eq 4) and showed that the rate constants
obtained at 0.50 M H+ are sufficiently small to be an
excellent approximation to the acid-independent term
k;. The variation of acid dependence with chloride
concentration was not investigated because of the large
number of parameters involved.

Discussion

For a series of reactions which proceed by the same
mechanism, there should be a correlation between the
change in AG¥ and the change in AG®, which are pro-
portional to the log of the rate constants for the for-
ward reactions and the log of the equilibrium constants
for the overall reactions, respectively. The equilibrium
constants listed in Table V are for the anation re-
actions®

Cr3f 4 X~ == CrX2+
Hg?* + X~ === HgX*

(Komx) (7)

(Kgex) (8)
and the overall reaction
CrX?* + Hg?t === Cr3* + HgX* (K = Kumex/Kox) (9)

Literature values of Korx were extrapolated to 0.50 M
ionic strength using the relationship derived by Swaddle
and Gaustalla® for the jonic strength dependence of the
formation reaction (eq 7) of CrI2+

log Kerx = d + 2.35I' + el (10)

Calculation of the constants in eq 10 for CrCI?t was
based on the experimental equilibrium constants at two

2 kan is the second-order rate constant for the acid-independent
path in the formation of CrX?* from Cr®* and HgX*t (kun =
ko/K). tJ. N. Armor and A. Haim, J. Amer. Chem. Soc., 93,
867 (1971). ¢ Ionic strength is 1.0 M; L. Ciavatta and M.
Grimaldi, Inorg. Chim. Acta, 4, 312 (1970).

other ionic strengths.®* The values of d and e for CrBr2+
were assumed to be the averages of those for the chlo-
ride and iodide complexes since an equilibrium constant
was available at only one ionic strength for CrBr?+.
The probable validity of this procedure is indicated by
excellent agreement between the known value of
Kep: and that calculated by this procedure. The
values of d and e used are —0.347 and —2.963 for
CrClI2t, —0.266 and —5.065 for CrBr?+, and —0.17
and —7.228 for CrI%+.

The value of &, for the reaction of CrI2+ with Hg?+
was estimated from the rate constant for the reaction
with HgCl* using an average value of the ratio b,/
kugci observed in other systems. This ratio rarged from
0.4 to 1.1 for a wide variety of mono- and dichloro-
chromium (III) complexes® 13142824 with an average
value of 0.68 = 0.18. Additional confirmation of this
value is given by the fact that the ku,/kugc1 ratio for
ci5-Co(en),Cl;+,* the Emg/kmgvo, ratio for CrCl2*+ and
CrBr?2+,% and the ky,/kuex ratio for CrCly* (where X =
C], Br, and I)*? all fall within this range.

The plot of log % (eq 4) ws. log K (eq 9) for the chlo-
ride, bromide, and jodide complexes (Figure 3) yields
a good linear relationship with a slope of 0.90 = 0.02.
Following the arguments of Leffler and Grunwald?® this
slope suggests that the transition state of the acid-
independent path of the assisted aquation resembles the
products of the overall reaction to a large degree, i.c.,

(28) J. P. Birk, Inorg. Chem., 9, 735 (1870).

(24) J. P. Birk and C. M. Ingerman, unpublished experiments.

(25) J. E. Leffler and E. Grunwald, ‘‘Rates and Equilibria of Organic
Reactions,” Wiley, New York, N. Y., 1963, p 156.



HALOPENTAAQUOCHROMIUM(III) COMPLEXES

90%. Such a conclusion lends support to the proposal
of an essentially dissociative mechanism for the as-
sisted aquation of the halochromium(III) complexes
with the possible formation of a short-lived five-coordi-
nate intermediate. Further evidence for such a mech-
anism is found in the results of competition studies in
which the Hg(II)-assisted aquations were carried out
in the presence of added nitrate ion' or methanol.!!
Though the competition ratio in the first case was not
independent of nitrate ion concentration, an analysis of
the data assuming two parallel paths and a different
ratio for each path found both ratios to be constant
throughout the series of chromium complexes despite
the tremendous differences in rates. In the second case,
experiments involved seven different induced solvolysis
reactions of halo- or azidochromium(III) complexes
with catalysis by T13+, Hg?*, Ag+, or HNO,, and the
average number of bound methanol molecules per
chromium(III) ion, #, was constant within the ex-
perimental error of *+49%,. Assuming a pentaaquo-
chromium(III) ion intermediate, the ratio of the rate
constants for reaction with water or methanol was de-
termined from the dependence of # upon solvent con-
centration and was found to be 1.8, This kinetic dis-
crimination .of the proposed intermediate was con-
trasted with an equilibrium discrimination of 9 which
was calculated as a statistically corrected equilibrium
quotient for replacement of one water molecule in
hexaaquochromium(III) ion by methanol. The fact
that the kinetic discrimination factor was closer to
unity was thought to be consistent with the presumed
high reactivity of the intermediate.

The validity of the LFER for these reactions may
depend on whether the & values used here are truly
simple rate constants. It is possible that a prior equi-
librium forming a mercury(II)-chromium(III) bi-
nuclear complex with Kpin << 1 could exist and that
this binuclear complex could then aquate with rate
constant k,q to give the observed products.

Ky K
CrX:* + Hg?* === CrXHg'* == Cr¥* + HgX* (11)

If such a situation existed, then k) = 2y Kpin and K =
Kaquim
ko and K and if it varied consistently over the series
of reactions, the linearity of the free energy plot could
be due to swamping of any true correlation. Examina-
tion of equilibrium constants for formation of a variety
of binuclear complexes involving mercury(II) and
chromium (I11)2%2426-28 or cobalt(III)*2° mono- and
dihalo (or pseudohalo) complexes reveals no simple
relationship with the formation constants for the cor-
responding mercury-halide (or pseudohalide) com-
plexes.'®®=32  Addition of the data (Table V) for the
CrNCS**-Hg?* reaction (X = NCS in eq 11), which
has been shown to contain a prior equilibrium step,? to
the plot in Figure 3 shows that this reaction does ngt
fit the LFER. The values of Kyin and %2.,0Kpin 0Ob-
served by Armor and Haim?® are 1.66 X 10¢ A/~! and

(26) J. N. Armor and A. Haim, J. Amer. Chem. Soc., 88, 867 (1871).

(27) (a) J. P. Birk and J. H. Espenson, Inorg. Chem., T, 991 (1968); (b)
J. H. Espenson and W, R. Bushey, ¢b:d., 10, 2457 (1971),

(28) M. Orhanovic and N. Sutin, J. Amer. Chem. Soc., 90, 538, 4286
(1968).

(29) L. C. Falk and R. G. Linck, Inorg. Chem., 10, 215 (1971),

(30) L. Ciavatta and M. Grimaldi, Inorg. Chim. Acta, 4, 312 (1970).

(31) G. Anderegg, Helv. Chim. Acta, 40, 1022 (1957).
(32) Y. Marcus, Acta Chem. Scand., 11, 610 (1957).

If Kpin made a significant contribution to
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Figure 3.-—Linear free energy relationship for the reaction of
- CrX2?+and Hg?+,

8.5 X 107* M1 sec™!. In order to fit the LFER either
kaqKbin or K for the overall reaction must change by
a factor of ca. 50. If our reactions proceeded by an
analogous mechanism, it would be expected that the
CrNCS?*+ data would fit the relationship better,
especially since the unassisted aquation of this complex
fits Swaddle’s® LFER very well. For these reasons we
believe that the slope of the LFER is a valid indication
of the degree of dissociation of the Cr-X bond in the
transition state of the assisted aquation. While it
would be desirable to test these conclusions further by

~ considering as well the reactions of Hg2+ with CrCN2+ %

and with CrN3%+,% for which kinetic data are available,
unfortunately all the required equilibrium data are
not available.

Espenson® has used another approach to the in-
vestigation of this mechanism by examining the
anation reactions of chromium(III) as represented by
the forward reaction of the equilibrium in eq 7. The
acid-independent rate constants fall in a range of (0.08-
73) X 1078 M1 sec™! for a wide variety of anionic
and neutral ligands. The narrow width of this range
was proposed as evidence for a common rate-determin-
ing feature of these complexation reactions which is
probably ligand-assisted loss of coordinated water.
The fact that the range for Cr(III) anations is wider
than that for the analogous Fe’+ (2.6-127 M ~! sec—1)%
and Co(NH,)sOH,3+ (1.5 X 10~° to 1.0 X 10-7 M~
sec™1)* reactions is consistent with the results of LFER
investigations which indicate a greater role for the leav-
ing ligand in the aquation of CrX2+ (slope 0.56)8 than
in the aquation of Co(NH;);X2+ (slope 1.0),® support-
ing the proposal that this greater ligand dependence in-
dicates that bond making does play a role in the mech-
anism for the Cr(III) reactions.

Gibson and Carlyle® have extended the Fe(III) data
to include the mercury(I)-assisted aquation of mono-
chloroiron(IIT). The anation rate constants for Fed+
reacting with HgCl, and HgCl;~ are 5 and 104 M !
sec™!, respectively (assuming only 209, of the measured
rate constants corresponds to the acid-independent
path in 0.45 A H*). Thus the mercury complex
anations probably fall within the same range as the
unassisted reactions, suggesting similar mechanisms.

Calculations using results of the mercury(II)-as-
sisted aquation of CrCI*** yield values for the rate

(33) V. Mahalec and M. Orhanovic, Inorg. Chim. Acta, 8, 457 (1971).

(34) J. H. Espenson, Inorg. Chem., 8, 1554 (1969).

(85) (a) D. Seewald and N. Sutin, ibid., 8, 643 (1983); (b) D. W. Carlyle
and J. H. Espenson, #bid., 6, 1370 (1987).

(36) D. Gibson and D. W. Carlyle, ibid., 10, 2078 (1971).
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constants for anation of Cr(I1T) by HgCl+, HgCly, and
HgClL=0f 9.6 X 1071, 3.8 X 107% and 7.9 X 108 /!
sec™!, respectively. These rate constants are within the
Cr(I1I) range found by Espenson® despite the dif-
ference in charge involved in the first two reactions.
The present study and the data of Armor and Haim?
on CrNCS?* yield a range of rate constants for anation
of Cr3+ by HgX ™ of only (0.98-34) X 107 M/~ sec™?
(Table V) and a value for anation by HgCII of 7.2 X
10~ M1 sec™t. This range is narrower than that
found by Espenson for the unassisted Cr(III) anations
and is comparable to the range found for the Fe(III)
anations. Since the LFER for the assisted Cr(III)
aquations indicates that this transition state resembles

M. Craire CouLpweLL aND D. A, House

the products of the reaction more than does that for the
unassisted reactions, it is reasonable that the anation
rates should show a smaller dependence on the enter-
ing ligand. The fact that the rate constants for the
HgX+* anations are lower than those found for X-—
anations is probably due in part to a difference in ionic
strength (0.50 instead of 1.0 M) and charge type as
well as the difference in the role played by the incoming
ligand in the transition state.
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The synthesis of trans-{Cr(tmd)CL]Br, trans-[{Cr{tmd).(OH,)(OH)](ClO4)., and trans-[Cr{tmd):Br.]X (X = Br, ClO4) is
described, and the cations trans-Cr(tmd .Clo +, trans-Cr{tmd):(OH;)C12 ¥, trans-Cr(tmd )o(OH,)Br2 ¥, trans-Cr(tmd ):( OHa )8,

c1s-Cr(tmd ):(OH,).* T, and Cr(tmd)(OH,):* ™ have been isolated and characterized in solution.

At 25.0°, the first-order rate

constants and kinetic parameters for the primary hydrolysis of frans-Cr(tmd )X, (X = Cl, Br) (corresponding to the
formation of trans-Cr(tmd).(OH,)X2*) are 10°% (sec™1) = 2.08 == 0.06 (0.1 F HNO;), 36.2 = 1.3 (0.3 F HNO3); E, (kcal
mol~!) = 24.5 == 0.3, 22.9 =& 0.3; log [PZ (sec™!)] = 13.26, 13.34; AS®yg (cal deg=! mol~1!) = 4+0.1 &= 0.5, +0.5 %= 0.5,
respectively. The secondary hydrolysis of these cations is complicated by isomerization and concurrent Cr-N bond rupture.
The first-order halide release rate constants and kinetic parameters for trans-Cr(tmd),(OH)X2t (X = Cl, Br)in 1.0 F
HNO; at 45.0° are 10% (sec™!) = 2.88 = 0.06, 13.6 = 0.8; E, (kcal mol=1} = 21.7 = 0.5, 24.2 == 0.5; log [PZ (sec™!)] =

10.39, 12.73, respectively.

Introduction

In the past several years, much effort has been
focused on the kinetic and mechanistic behavior of
octahedral trausition metal complexes.? In particular,
the diacidobis(ethylenediamine)cobalt(III) and, to a
lesser extent, the analogous chromium (I1T) complexes?
have received considerable attention. More recently,
kinetic studies have been concentrated on multiden-
tate?~® and macrocyclic’ polyamine systems. Of con-
siderable interest is the effect of an increase in the ring
size on the reaction rate, although only a few such com-
parative studies have been made. #rams-Co(tmd).X.*
(X = CJ, Br)%is one such system that has recently been
investigated.®
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As part of a program to investigate the mode of acid
hydrolysis of some analogous Co(IIT) and Cr(11I) com-
plexes,’®—!4 we have studied the rates of halide release
from #trans-Cr(tmd),X,*+ (X = Cl, Br). The rate con-
stants and kinetic parameters allow a comparison with
similar data (where available) for the trans-M(AA), Xyt
(M = Co, Cr; AA = en, pn, tmd; X = Cl, Br) sys-
tems.

A preliminary report on the rate of the primary hy-
drolysis of trans-Cr(tmd),Cly* at 35.0° has been pub-
lished.®

Experimental Section

The amine, 1,3-diaminopropane, was obtained from Aldrich
Chemical Co. and used without further purification. All other
chemicals were reagent grade quality. The ion-exchange
material used was Zeo-Karb 225, SRC-6 cation-exchange resin in
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