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ably will be enhanced by the substitution of a flavin
radical for Q.43

Consideration of the total collection of nonaqueous
electrochemical data permits tabulation of a set of
formal potentials, E’, for oxidation-reduction couples
that are relevant to the chemistry of the flavoproteins;
Table II summarizes such potentials (vs. sce) in
DMSO with 0.1 F TEAP as the supporting electro-
lyte. The values represent the average between the
cathodic and anodic peak potentials (from cyclic volt-
ammetry) and E.  values (from chronopotentiometry).
In addition, the peak potentials at a scan rate of 0.1.
V/sec are presented for several irreversible couples.
Reference to the potentials in Table II indicates that

(43) L. S. Meriwether, W, F, Marzluff, and W, A, Hodgson, Nature (Lox-
don), 212, 465 (1966).
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the electron-transfer mechanism of metalloflavins, in the
absence of other factors, probably occurs by the path
substrate — Mo(VI)-Mo(V) —> FAD-FADH: —>

Fe(III)-Fe(II) (9)
This is in agreement with the proposals by several in-
vestigators of the flavin enzymes’%1%.14 and lends sup-
port to the proposal that the electron-transfer steps oc-
cur in an aprotic environment. Additional studies of
the molybdenum-flavin system are in progress to further
elucidate the detailed mechanism of electron transfer
for the metalloflavin enzymes.
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Kinetic studies have been carried out on the formation of Cr—NC-Hg** by the reaction of CrCN?®* with Hg?+, which occurs

at a rate given by

d[Cr-NC-Hg'*] _ A + B[Hg**]

d¢

T 14 CHg*™]

[CrCN2H]p

with values 4 = 2.8 X 1078sec™, B (M~tsec™!) = 0.62 + 0.25/[H*],and C = 24.2 = 2.2 M~1at 25.0° and p = 2.0 M.
The rate constant A represents a correction for a minor pathway; the proposed mechanism for the main pathway involves a
rapid association between the two cations, followed by an internal rearrangement or isomerization to yield the final product.
Spectrophotometric measurements on the solutions immediately after mixing gave independent evidence for the prior
association complex, whose stability constant is represented by C. These studies permit the independent evaluation of C
as 284 = 2.5 M~! and generate the visible absorption spectrum of the intermediate. The steps in the mechanism are
discussed, and some conjectures are made concerning the structure of the rapidly formed association complex.

Introduction

Polyvalent cationic complexes do not commonly
associate with one another to an appreciable extent in
aqueous solution. Not only do their like charges de-
stabilize the interaction, but the coordinating strength
of a polar solvent which is capable of dissolving and
ionizing the parent compounds usually outweighs the
stability of a [MXM']"+ dinuclear species. Stable
association can occur, however, when an ambidentate
ligand having both hard base and soft base donor atoms
simultaneously associates with a hard and a soft metal
ion. This is the case?™® with adducts of metal~iso-
thiocyanate complexes and mercury(II), as in eq I.

M-NCS2+ + Hg?t === M-NCS-Hg** (I
The equilibrium quotients at 25° are 1.7 X 10* M—!

(1) (a) Work performed in the Ames Laboratory of the U. 8. Atomic
Energy Commission; Contribution No. 2798. (b) Fellow of the Alfred P.
Sloan Foundation, 1968-1870.

(2) A. Haim and N. Sutin, J. Amer. Chem. Soc., 88, 434 (19686).

(3) M. Orhanovi¢ and N. Sutin, #bid., 90, 538, 4286 (1968).

(4) J. N. Armor and A, Haim, #bid., 93, 8687 (1971).

(5) (a) K. Schug and B. Miniatas, Abstracts, 155th National Meeting of
the American Chemical Society, San Francisco, Calif., April 1968, p M136;
(b} L. C. Falk and R. G. Linck, Inorg. Chem., 10, 215 (1871).

for CrNCS?+ (u = 1.0 M)* and 9.8 X 10* M~ for Co-
(NH;);NCS?+ (u = 0.10 M).*®> The driving force for
reaction I resides in the hard acid—-hard base interaction,
Cr-N, and (especially) the soft-soft interaction, Hg-S.
This reaction occurs “instantaneously”; a further reac-
tion slowly takes place,* which preserves all the fea-
tures of stability associated with reaction I, while re-
lieving the electrostatic repulsions associated with the
44 adduct, as in the reaction

(H:0):Cr-NCS-Hg** 4+ H:0 —> Cr(H:0)** +

HgSCN* (slow) (II)

A somewhat different sequence of events transpires
when the reactant with Hg?+t is the cyano complex
Cr-CN2+, A stable association occurs® accompanied
by a rearrangement reaction, linkage isomerization of
cyanide ion. This process (reaction III) does not occur

Cr-CN?* 4 Hg?* = Hg-CN-Crt+ (I11)

instantaneously, unlike reaction I. In the present
paper we report the results of kinetic and spectrophoto-
metric studies in the mechanism of reaction IIT.

(6) J. P. Birk and J. H. Espenson, ibid., 7, 991 (1968).
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Related to reaction IIT is the similar isomerization
noted by Orhanovi¢ and Sutin® during the reaction of
the S-bonded thiocyanatochromium(III) ion with
Hg2+, also driven by the interaction of a soft acid
(Hg?*) and a soft base (8), although in their case two
reactions occur concurrently

CrNCSHg++ (IVa)

CrSCN2?* + Hg?+

Cr*t + HgSCN™* (IVb)

The analogy between reactions IIT and IVa is not
complete, however, because, of the linkage isomers,
CrCN2+ is more stable than CrNC2?+7 whereas Cr-
SCN2+ is less stable than CrNCS2+.2 Consequently
the linkage isomerization of the thiocyanate complex in
reaction IVa is favored by conversion of a Cr-S to a
Cr-N bond as well as by the Hg-S bond strength. In
contrast, the Cr-C to Cr-N conversion is an added
barrier, overcome only by the stable Hg—C association.

Two other reactions should be referred to. The
isocyano complex of Cr(III),” Cr-NC2+, reacts ‘‘instan-
taneously” with Hg?+ to form the same adduct formed
more slowly in III, and the adduct slowly decomposes’
in a process analogous to reaction IV. These reactions
are

Cr—-NC?2* + Hg?t = Hg-CN-Cr¢+*

Heg-CN-Cré¢t = Hg—-CN* + Cr8™  (ky° =
5 X 107%sec™) (VI)

(very fast) (V)

Experimental Section

Materials.—Potassiuim hexacyanochromate(I1I) was prepared
either by the procedure of Schaap, et al.,® or by reducing a Cr-
(Cl04)s solution with amalgamated zinc, adding it to a KCN
solution with a CN~/Cr ratio of ca. 6-7, and oxidizing the result-
ing solution with air. Solutions of the monocyano complex
were prepared by dissolving K;Cr(CN)s (3.25 g, 0.01 mol) in 1.0
M perchloric acid (50 ml, 0.05 mol). After ca. 10 min, 0.2 M
Cr(Cl04); (0.5 ml, 0.1 mmol) was added to catalyze the aquation
of Cr(CN); and Cr(CN)* to CrCN?**.9 After these reactions
were complete (ca. 5 min), the solution was cooled to 0° to
precipitate potassium perchlorate. The filtrate was passed
through a column of cation-exchange resin (Dowex 50W-X8,
50-100 mesh, H* form) which was kept near 0° by circulation
of ice water through a condenser-type jacket. The column was
rinsed with at least three column volumes of water to eliminate
free cyanide as HCN, and CrCN?* was eluted with 1 F perchloric
acid. The central fraction (typically 40 ml, 3.2 mmol) of Cr-
CN?* was collected for the rate studies, although the actual yield
would have been higher had the dilute fractions been collected.
The spectrum of CrCN?* prepared in this manner had the follow-
ing maxima and minima: Amax 525 nm (e 25.4 M~ cm™), Amin
450 (7.16), Amax 393 (20.1); this spectrum is in good agreement
with published determinationg? .10

Solutions of CrCN?* were subsequently analyzed based on the
molar absorptivities cited at the maxima; the concentration was
also checked in some preparations by oxidation to chromate ion
with hydrogen peroxide in sodium hydroxide solution, analyzing
the CrO,2~ spectrophotometrically.! Stock solutions of CrCN?+
could be stored without noticeable decomposition for several
weeks frozen in Dry Ice.

Barium perchlorate (G. F. Smith) was recrystallized three
times. The preparation and analyses of the other reagents have

(7) J. P. Birk and J. H. Espenscn, J. Amer, Chem. Soc., 90, 1153 (1968).

(8) W. B. Schaap, R. Krishnamurthy, D. K. Wakefield, and W. F.
Coleman in ““Coordination Chemistry,”” Plenum Press, New York, N. Y.,
1969, pp 177-206.

(9) J. P. Birk and J. H. Espenson, J. Amer. Chem. Soc., 90, 2266 (1968).

(10) R. Krishnamurthy, W. B. Schaap, and J. R. Perumareddi, Inorg.
Chem., 6, 1338 (1967).

(11) G. W. Haupt, J. Res. Nat. Bur. Stand., 48, 414 (1952).
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been described in an earlier publication.’? Conductivity water
was used throughout.

Kinetics Experiments.—The reaction between Hg?* and
CrCN?+t was followed using a Cary Model 14 spectrophotometer.
The cylindrical Pyrex or silica cells were thermostated during
the reaction by circulating water through coils surrounding the
water-filled cell holder. In studies carried out below room tem-
perature, a continuous stream of dry nitrogen was passed through
the cell compartment to prevent water condensation.

A suitable electrolyte medium for studying the reaction
of two dipositive cations at high concentration is not ob-
vious, because a single added electrolyte cannot simul-
taneously maintain constant ionic strength and constant [Cl0.~],
which appears to be the most likely way to avoid undesired
medium effects. Toward this end, a procedure used beforel?.13
was adopted, wherein both a 2:1 electrolyte, Ba(ClO,)., and a
1:1 electrolyte, LiClO., were added. This permits a reasonable
range of the important concentration variables [Hg?*], [CrCN?%**],
and [H"*] at constant u and constant [ClO4~]. To this end, all
solutions were maintained at a constant ionic strength of 2.00 M
and a constant total perchlorate ion concentration of 1.67 M,
using both barium and lithium perchlorates to maintain the diva-
lent ions (CrCN?*, Hg?*, Ba?*) at 0.333 M and the univalent
ions (H*, Li*) at 1.00 M.

The kinetics experiments were generally performed under con-
ditions where Hg?* was at least 10-fold higher in concentration
than CrCN2*. Pseudo-first-order rate plots of In (D — D) vs.
time (D = absorbance) were constructed, and found to be linear
for at least 3 half-lives. Typically two to six repeat determina-~
tions were made, in which the average deviation from the mean
was generally <39%. The pseudo-first-order rate constants
proved to be independent of the initial concentration of CrCN?%+,
confirming that the reaction followed pseudo-first-order kinetics
over the range of Hg?"t and CrCN?T concentrations studied.
In practice it proved desirable to evaluate the rate constants
from first-order plots constructed according to the method of
Guggenheim,!* because the ‘‘infinite-time’’ absorbance reading
could not be relied upon to be exactly correct, especially at low
[Hg?t], owing to the slow decomposition process shown in reac-
tion VI.

Wavelengths between 510 and 525 nm proved the most con-
venient for following the reaction, as the absorbance changes were
the largest. Other experiments were made at several wave-
lengths between 390 and 610 nm with no evident difference in rate
at the different wavelengths. In many of the experiments the
spectrophotometer recorder scale was expanded to cover 0.1
absorbance unit full scale.

Results

Stoichiometry.—The spectrum of CrCN2* changes
upon addition of Hg** but remains constant above a
1:1 ratio of Hg?+ to CrCN?2* as in reaction III. For
ratios Hg?+/CrCN?+* < 1, however, the spectrum is not
simply the sum of that of CrCN?* and CrNCHg*t,
indicating a third species, which may be [CrNCJ,Hgt*
by analogy with [(NH;);CoNCS],Hgt+.5 A detailed
analysis under these conditions was not carried out, and
all the kinetic data refer to experiments with excess
Hg2+,

Experiments were carried out to learn whether Cr—
CN2+ and Hg?t associate exclusively as shown in eq
III or whether the process in reaction VII, analogous to

Cr-CN?* + Hg?* = Cr®* + Hg-CN* (VII)

eq IV, is also important. Product solutions contain-
ing various added amounts of Cr®+ were passed through
a column of cation-exchange resin (Dowex 50W-X8,
H* form). The band of Cr?* occurred immediately
below that of the 4+ product. No band was noted for
solutions to which Cr?* had not been added nor for
solutions with a Cr®+ concentration less than ca. 109,
of that of CrNCHg*+. These experiments do not give

(12) J. H. Espenson and J. P. Birk, I'norg. Chem., 4, 527 (1965).
(13) J. H. Espenson and S. R. Helzer, ibid., 5, 686 (1966).
(14) E. A. Guggenheim, Phil. Mag., [7] 2, 538 (1926).
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an exact determination of the stoichiometry but suffice
to establish that CrNCHg** is produced in >909,
yield; a process corresponding to reaction VII is unim-
portant within these limits.

Kinetics.—At [H*] = 1.00 A, kinetic measurements
were made over the concentration range 0.010 <
[Hg?+], £ 030 M. Pseudo-first-order behavior was
followed at all [Hg?+], with half-times 20-80 sec in
these experiments which are summarized in Table I.

TABLE I
PsEUDO-FIRST-ORDER RATE CONSTANTS FOR THE
REACTION OF CrCN2?+ wrtH Hg?* AT 1.00 M H+2

[Hg”]o,b loakapp»c'd kapp/ [Hg®*]av,
M sec~1 M1 sec—t
0.0100 0.879 = 0.009 (2) 0.925
0.0111 0.954 £ 0.012 (2) 0.900
0.0133 1.17 £ 0.01 (2) 0.914
0.0167 1.22 £ 0.02 (2) 0.753
0.0200 1.28 £ 0.02 (5) 0.674
0.0230 1.87 £ 0.01 (4) 0.623
0.0271 1.51 = 0.07 (5) 0.581
0.0328 1.71 £ 0.03 (4) 0.538
0.0400 1.89 = 0.03 (5) 0.483
0.0600 2.12 =+ 0.05 (6) 0.358
0.100 2.61 =+ 0.07 (6) 0.264
0.300 3.06 = 0.01 (§) 0.102

* At 25.0°, p = 2.00 M. ?[CrCN2+]o < 0.1[Hg?*)y. © kapp =
—d 1n [CrCN2+]/dt. 4 The uncertainty is the average deviation
- from the mean of repeat determinations, the number of runs
being given in parentheses.

Before considering the dependence of that rate con-
stant upon [Hg?*] it is necessary to apply a correction
for two side reactions. The first sequence, reactions
VIII-IX, is known to occur to an appreciable albeit

Cr-CNz+t —> Cr-NC?*+ (ki) (VIII)
Cr-NC2+ 4+ Hg?t —> CrNCHg** (fast) (IX)

minor extent. The second is the aquation of Cr-CN2+
shown in reaction X.
CrCN2+ + H* — Cr¥t 4+ HCN  (kaq) x)

The rate constants are known independently. The
value k; = 2.3 X 107° sec™! was calculated from the
rate constant for the reverse of reaction VIII and the
estimated equilibrium constant.®®® The apparent
first-order rate constant for the aquation process is
4.9 X 10~* sec™! under these conditions.® The overall
correction, k; + kg, is 2.8 X 10~ sec™!, which we
designate 4.

In considering the kinetic data it is helpful to antici-
pate some of the results, for sake of clarity in the pro-
cedure used. We find that a part of the CrCN?2+
added is very rapidly converted to another form by
reaction with Hg?+; only the portion of the CrCN?+
that is not so changed is subject to the side reactions
referred to above. Therefore, only a fraction of the
correction & + k,q should be applied to the apparent
rate constant.

The algebraic form of the rate law suggested by an
inspection of the variation of kap, with [Hg?*] is given
by eq 1, in which 4 designates the parameter correcting
for known side reactions.

- J2+ 2+
d[CStCl\ - /i i g[[II:IIggzﬂ] [CrCN2*]7 = kapp[CrCN2 )7
(1)

(15) The difference in medium between the present experiment and
that in the earlier work’ is ignored because ki is expected to be relatively
medium independent and because this sequence of reactions constitutes a
relatively small correction.
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Rearrangement yields eq 2, which can be tested by

1 1 o
Fm— A~ B-d4c T 5= acHel @)

aplotof (kap, — 4)'os. [Hg?t]~). The data do follow
the linear form (Figure 1) required by eq 2, using 4 =

150

100

I/(kapp-ﬂ) , sec

50

¢} 25 50 75 100 128
[H92+]'|,M'|

Figure 1.—Plot of the kinetic data according to eq 2. The line
corresponds to the least-squares fit of the data toeq 2.

2.8 X 107% sec™!. The least-squares fit gives B =
085 £ 0.06 M lsecland C =242 = 2.2 M1,

The Prior Equilibrium.—The denominator in the
rate equation is of the form 1 + C[Hg?*], suggesting a
preequilibrium step in which the reactants form an
intermediate (“int’’)

CrCN2+ 4 Hg?t === (“int”)}** Keq (XI)

The existence of such a very rapid step was confirmed
spectrophotometrically. The absorbance of a CrCN2+
solution changes suddenly upon addition of Hg?*,
increasing or decreasing depending on wavelength.
Consider first a series of experiments done at N 565
nm, which is an isosbestic point for CrCN2+ and the
product CrNCHg**+. The absorbance increases in-
stantly on addition of Hg?* and then decreases with
time back to the starting value. The initial rapid in-
crease, which is too rapid to measure even using the
stopped-flow method, corresponds to reaction XI.
The slow decrease represents the formation of the final
product from the rapidly formed intermediate (desig-
nated “int” in reaction XI). Clearly “int” absorbs
more strongly than either CrCN2+ or CrNCHg** at A
565 nm. These observations suggest a means of evalu-
ating the equilibrium constant for reaction XI.

The absorbance decrease was extrapolated to the
time of mixing using the customary pseudo-first-order
plot of In (D — D.) vs. time. The intercept at the
time of mixing was evaluated as accurately as possible
in each run. This intercept AD corresponds to Dy —
D, where D, represents the absorbance of the equilib-
rium mixture of CrCN?+ and “int” according to reac-
tion XI, and D, is the absorbance corresponding to
complete conversion to CrNCHg**. Because of the
isosbestic condition, D, also represents the initial ab-
sorbance of CrCN2+, The stability constant for reac-
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tion XI is related to the instantaneous absorbance
change AD by the equation

AD/[CrCN2+]p[Hg?4] = Koq(AD/[CrCN2+]y) +
Kogb(etnt — &) (3)

where ¢ is the molar absorptivity of CrCN?+, and b
is the optical path length, generally 10 cm. [CrCN?2+lp
and [CrCN?+] are related by the equations [CrCN?+]p
= [CrCN2+] + [“int”] and [CrCN2+]/[CrCN2+]p
= (1 + K [Hg?*])~'. Figure 2 presents the data at

2000
I [

15001

1000

a0/ [eren?*]; [Hg?t]

500

0 | !
0 20 20 60

a0/[cren®t,

Figure 2.—Spectrophotometric evaluation of the equilibrium
constant for reaction XI using the plot suggested by eq 3. The
line shown represents the least-squares fit.

25.0° in graphical form according to eq 3; a least-
squares fit gives Koq = 28.5 = 2.5 M~ and €, — €
=6.6 Mlcm~L

The spectrophotometric determination of K., gives
a value 189, larger than the value of C derived from
the kinetic data: 285 = 2.5 compared to 24.2 =+
2.2 M~'. Considering the level of uncertainty asso-
ciated with each determination, however, it can be con-
cluded the two values agree within the experimental
error.

Spectrum of the Intermediate.—The kinetics of the
reaction was evaluated under one particular set of con-
ditions: 0.100 M Hg?+, 1.00 M H*, 2.00 M ionic
strength, at 25.0° at 23 wavelengths between 390 and
610 nm. The average value of k., was 0.025 sec—,
independent of the wavelength used to follow the reac-
tion. At each wavelength the pseudo-first-order rate
plot was extrapolated to the time of mixing, and a value
was calculated for the zero-time absorbance reading,
Dy, which permits the calculation of €, according to

et = Dofl + Keo[Hg?*]}[CICN2¥]pt — be[Hg? ] ™" (4)

using the known value of K., and ¢ for CrCN2+ at the
wavelength under consideration. The intermediate
shows a spectrum typical of a Cr(III) complex, dis-
playing absorption maxima at A 535 nm (e 27.8) and
395 (e 20.1). Figure 3 depicts the spectrum of the
intermediate along with those of CrCN?+, CrNCHg**,
and Cr3+ for comparison.

Hydrogen Ion Dependence.—The variation in rate
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30
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300 400 500 €00

A,nm

Figure 3.—Absorption spectta of the reactant, intermediate, and
product and of Cr3+,

with [H+] was studied between 0.10 and 1.0 3 H*,
with the results shown in Table II. The rate effects

TABLE II
ErrFecT OF HYDROGEN IoN CONCENTRATION®
[H+], [Hgt*lav, lozkappy B,b
M M sec™1 M -1 sec-t

1.00 Lo L 0.85
0.500 0.0220 1.82 1.15
0.500 0.0391 2.38 1.12
0.250 0.320 2.50 1.63
0.250 0.0391 3.50 1.68
0.100 0.0220 4.70 3.17

a At 25.0°, u = 2.00 M. °?Calculated from eq 1, using C =
242 M~1and A =23 X 1073 + 4.9 X 1074[H*] sec™1.

noted are attributed largely to the B term, as C (=K,)
is presumed 1ot to be significantly dependent on [H+].
This was confirmed directly using the zero-time spec-
trophotometric method outlined above. The correc-
tion for the side reactions represented by the value of
4 is only slightly different at the hydrogen ion concen-
trations considered. The values of B, which are given
in Table II, were calculated using C = 24.2 M~! and
A =23 X 1073+ 4.9 X 10~4[H*] sec™!. A plot of

ol | i I |

0 2 4 6 8 o]
[H"]",M"
Figure 4 —Hydrogen ion dependence of rate parameter B as in
eq 5.

B vs. [H+]™!is linear, as shown in Figure 4, and leads
to the equation

B =a+4+ b[H*? (5)
withae = 0.62 M—'sec land b = 0.25 sec™.
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Temperature Dependences.—A limited number of
kinetic runs were carried out at each of two other tem-
peratures at 1.00 M H+*. Plots of (b, — A)71 vs.
[Hg2*+]~! were made; as before, the choice of 4 is not
particularly critical and it was estimated as 0.0015 and
0.0050 sec™! at 16.8 and 33.3°, respectively, based on
approximate temperature coefficients of the contrib-
uting rate constants. The resulting linear plots give
B (M~!sec™!) = 0.38 at 16.8° and 1.87 at 33.3° and
C (M-Y) = 29 at 16.8° and 23 at 33.3°. The derived
values of % at these temperatures are, therefore, 0.013
and 0.081 M —1sec™, respectively.

The temperatuyre dependence of K, gives the
values AH® = 1.9 kcal mol—!and AS°® = 0.1 cal mol~!
deg~! for reaction XI. These values can be compared
with those cited for the thermodynamics of other com-
plexes formed between two cations, which have been
summarized by Newton and Baker.’® Considering the
range of values of AH° and AS® represented by their
survey, the present values do not appear unreasonable
to attribute to this interaction.

At [H*] = 1.0 the rate constant ¢ makes the major
contribution to . Assuming the ratio b/a is approxi-
mately constant over 16-33°, activation parameters
for @ were computed: AHF = 19 kcal mol “1and AS*
= —14 cal mol—deg—.

Interpretation and Discussion
Reaction Mechanism.—The reaction scheme

K,
CrCN2+ 4 Hgt* == (“int”)t+

iki ik
fast

CrNC2+ 4+ Hg?* —> Cr-NC-Hg**

leads to a kinetic expression in accord with the experi-
mental rate expression given in eq 1 with C = K. and
B = kK., The major pathway for the reaction pro-
ceeds vie the intermediate, with a relatively minor
fraction going by way of prior isomerization of Cr-
CN2+to CrNC2t, )

The dependence of B on [H*] given by eq 5 and its
identity in the proposed mechanism lead to an expres-
sion for the rate constant for rearrangement of the
intermediate to the product

k(sec™) = 0.026 + 0.010[H*] 6)

The inverse acid dependence of one term of this rate
constant is consistent with the nature of the reaction
purported to be involved. The substitution reactions
of (HZO),SCrX2+ complexes generally show specific
hydroxide ion catalysis.” The present rearrangement
reaction, where a Cr-C bond is converted to a Cr-N
bond, must possess many features in common with lig-
and substitution. The role of the inverse acid term of
eq 6 is consequently attributed to the same process by
which the acceleration of ligand substitution is accounted
for—a small concentration of a hydroxo form which
is more reactive than the predominant aquo species
owing to the nature of the OH~ group in a position
trans with respect to the rearranging group.

The Reaction Intermediate.—Two likely structures
of the interniediate can be cons1dered (1.and 2). Some

(16) T. W. Newton and F. B. Baker, Inorg Chem., 4, 1166 (1965).
17y 1. H. Espenson, ibid., 8, 1554 (1968)."
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Hg
CN#4+ Cr-CN-Hgé+

Cr
1 2

infrared measurements were attempted, but the in-
tensities in the vicinity of the expected C-N stretching
frequencies were too small for meaningful measurements
even at rather high concentrations.

Structure 1, in which CN— bridges with the same
stereochemistry as the isoelectronic CO, leads to an
economy of bond breaking and bond making in going to
the product Cr~NC-Hg*+. The values of %k and its
associated activation parameters are not unreasonable
considering what is known’ for the interconversion of
CrNC?+and CrCN2+.

The second structure, on the other hand, is also a
reasonable one: N donors from moderately stable
complexes with Hg?+ and linear cyanide bridged struc-
tures gre well known.’® It is not easily explained on
this basis, however, why either structure should have a
stability constant as high as 27 M~!, considering the
very weak association of Cr-SCN?* and Hg’* for
which Ko < 1 M-8

In their study of the reaction of CrSCN*+, Orhanovié
and Sutind proposed a sulfur-bonded binuclear com-
plex as a reaction intermediate

Hg\
CrSCN2+ + Hg2t —== SCN¢+
Cr

although they could not rule out attack at nitrogen,
giving an intermediate Cr-SCN-Hg'*. In fact, in
their system the association of the two reactants is so
weak, Koy < 1, that no deviation from second-order
kinetics was noted. The s1gn1ﬁcant deviations in the
present instance g1ve a clear indication of such an inter-
mediate as shown in reaction XI, the existence of which
can be independently cpnﬁrmed and whose stability
constant can be determined by two independent meth-
ods from the kinetics and from the zero-time spectral
studies.

A relatively stable association of Hg?+ with metal
complexes has been noted for the reactions with ¢ss-
Co(en):Cly+ #* and c¢is-Cr(H,0),Cl,+,® with association
constatits 6.5 X 10% and (1.3 *+ 0.4) X 10% M~} re-
spectively In contrast to the fate of these complexes,
which is necessarily dissociation, the reaction of Cr-
SCN?+ leads only to part1a1 dissociation, and in the
present case the conversion of the intermediate to Cr-
NCHg*+ appears to predominate to a considerable ex-
tent over its dissociation to Cr8+ 4+ HgCN *, the latter
being an unimportant reaction as far as we can deter-
mine,

Related Reactions.—Table III presents the known
thermodynam1c and kinetic information on the mono-
¢yano complexes of Cr(I11) and Hg(II) and their inter-
actlons In part, the table serves simply to summarize
theSe data, illustrating the reactions which are possible
under different circumstances. It does appear fruitful
to make certain comparisons between different reac-

(18) D. B. Brown, D. F. Shriver, and L. H. Schwartz, ibid., 7, 77 (1968);
D. F. Shriver, S. A. Shriver, and S. E. Anderson, ¢bid., 4, 725 (1865).

(19) €. Bifano and R. G.Linck, 4bid., T, 709 (1968).

(20) J. P. Birk, ibid., 9, 735 (1970).
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) TABLE III
KiINETIC AND EQUILIBRIUM PARAMETERS FOR CYANO CoMpPLEXES OF Cr(IIT) anp Hg(II)
Reaction Temp, °C u, M Qe ki Ref
(A) Cr-CN2z*+ 4+ Hg?t « Cr-NC-Hg** 25 1.0 >ca. 10° b ¢
(B) Cr-CN?* 4 Hg?* « Cr(CN)Hg** (“int”) 25 2.0 26 + 3 “Fast” d
(C) Cr(CN)Hg** (“int”) & Cr—-NC-Hg** 25 2.0 >ca. 4 X 108 0.026 + 0.101[H*] ! d
(D) Cr-NC-Hg*+ = Cr?*+ 4 HgCN+ 25 2.0 >108 (?) 1.4 X 10—+ e
55 1.0 6.6 X 10-3 f
(E) Cr-NC?*+ 4+ Hg?* = Cr—-NC-Hg4* Room 1-2 >ca. 2 X 108 “Fast” 4
(F) Cr-NC2* =2 CrCN2+ 25 1.0 >21 4.9 X 1072(Q/krev) h
(G) Cr-NC2* 4+ *Cr** 2 Cr2* 4+ *Cr-CN2* 25 1.0 >21 1.60 b4, 7
(H) Cr-CN?t + H* 2 Cr?** 4+ HCN 55 1.0 >104 9.7 X 1074 4 8.0 X 1073[H*] &
25 2.0 {11 X 1078 + 5.9 X 1
10~4H*}/{1 + 0.19[H*]}
(I) Cr-CN?* + *Cr?t 4+ H* 2 Cr2+ + *Cri+ 4+ HCN 55 1.0 >10¢ 2.8 X 1073[H*] 1 f
(J) Cr-NC2* 4+ H+ = CrNCHs* 25 1.0 0.94 “Fast” h
(K) Cr-CN2t 4+ H* & CrCNH3* 25 2.0 0.185 “Fast”’ I
(L) Hg?* + CN~- =2 HgCN™* 20 0.1 108 “Fast” m

@ The designation “fast” for k¢ indicates a process that is immeasurably fast using the stopped-flow method and may well be diffusion

controlled; units of molarity and sec for Q and k; appropriate to each.

work.
6. 7 Combining data for reactions A and F. * Reference 7.
an additional term, 5.8 X 10~7[H™*] !, is also important.
deregg, Helv. Chim Acta, 40, 1022 (1957). '

tions, however. First of all, what is the effect of Cr(I1I)
coordination on the affinity of —-CN for Hg(II)? A
comparison of reactions E and L indicates that the
stability is reduced by a factor of <5 X 10 on coor-
dination of Cr3* to -NC~. (Actually, although we can
cite only a lower limit for the stability constant of reac-
tion F, and therefore also of E, mechanistic arguments
have been advanced that the lower limit of 21 for Qg
in fact represents its value.”?) The basis for this very
large thermodynamic difference between reactions E
and L, which amounts to stating that AG® for the asso-
ciation of Hg?* + CN~ is more negative than that for
Hg?+ + CrCNC?* by ca. 16 keal mol~}, is apparently
to be found in the ¢ bond between —-NC— and Cr(III)
formed in reaction L. The consequent flow of s-elec-
tron density toward the tripositive Cr(III) center
greatly reduces the o-donating strength of ~-CN~ to-
ward Hg(II). These arguments suggest that the sta-
bility of the latter interaction is, not unexpectedly,
largely the consequence of the s-bonding strength of cya-
nide ion and not of its = acidity. Related to this ques-
tion of the effect of Cr(III) coordination on the basicity
of cyanide ion, we can also compare reaction J with the
corresponding reaction for free CN—: CN—- 4 H+* =
HCN with Q = 10 The equilibrium quotients here
differ by ca. 10%, which indicates that remote Cr(III)
coordination affects the basicity of -CN~ toward both
hard and soft acids to approximately the same extent.
One further observation on this point appears useful:
reaction E can be compared with the corresponding
reaction® for Cr—NCS8?* (eq 1), for which Q is 1.7 X
10* M~'. The formation constant for the cyanide-
bridged adduct exceeds that for the thiocyanate by
>10?, whereas the relative constants for free CN— and
SCN— differ by ~10° in favor of cyanide (reaction L
and ref 21). However, the actual value of Q for reac-
tion E may be a great deal larger than the lower limit
cited in Table III. ' ‘

~ The enormous rate difference between reactions A
(proceeding mechanistically vic reactions B + C), on
the one hand, and E on the other, despite comparable
stability constants, reflects the structural change of
cyanide linkage isomerization necessary for the former

(21) L. Ciavetta and M. Grimaldi, Inorg. Chim. Acta, 4, 312 (197Q).

¢ () estimated from the lack of stability toward this reaction and from reactions A, H, and K; ks from this work.
‘ Reference 9.
! D. K. Wakefield and W. B. Schaap, Inorg. Chem., 8, 512 (1969).

¢ Reference 6 for Q. 9 This
/ Reference
k Reference 6. At low [H¥]
7 (3. An-

® No direct reaction—see eq 1.

i krev = 0.077 M~ sec™

but not the latter. Reaction E represents apparently a
process no more complicated than substitution at
Hg(II), a conclusion which is supported by the very
high rate at which it occurs, as expected for a d*° metal
ion.

The main mechanistic feature of the present reaction
is the intramolecular rearrangement of the labile asso-
ciation complex Cr(CN)Hg*t to the stable product,
reaction C. Whatever the structure of that interme-
diate, its transformation to Cr—-NC-Hg*" undoubtedly
is likely controlled by many of the same factors which
govern the interconversion of CrCN?* and CrNC?*+ as
in reaction F. The comparable rate constants for C
and F are to be noted. These reactions perhaps involve
transition states with a w-bonded structure, such as
3 and 4 for the respective reactions.

N 4+ N2+
Cr-- [Cr———u]

C C

N

Hg
3 4

Finally, the question must be raised as to why the
main reaction does not proceed largely by the sequence

ki Hg?~
CrCN2+ —» CrNC?t —> Cr—NC-Hg**
fast

In fact, this succession of steps is a minor pathway and
was included as a part of the rate term represented by
parameter A. That it is not, however, the major reac-
tion pathway must be considered in the light of both
the structure of the detected reaction intermediate, 1
or 2, and the transition state, 3, for conversion of the
metastable intermediate to the product. Assume that
the spontaneous isomerization process has as its mecha-
nism’ the rate-determining conversion of Cr-CN2+
to the transition state 4. The reaction is rather slow
with & = 2.3 X 10~% sec™, as the energy of the -
bonded structure is likely to be considerably above
that of Cr-CN2+  What assistance can Hg?+ offer?
Relative to either of the likely structures which have
been suggested, 1 and 2, the transition state 3 may well
appear less high in energy because it has gained the
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formation of a sterically uncrowded Hg-C ¢ bond.
Naturally, the = configuration is less favored than that
in the product Cr—NC-Hg**, so that further rearrange-
ment of 3 should be facile. It should, of course, be
noted that the mechanisms invoked for all the processes
considered here necessarily proceed without the com-
plete cleavage of a chromium-cyanide bond, because
under the acidic conditions considered re-formation of a
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bond to chromium is prohibited thermodynamically.
Of course, one cannot rule out the intervention of inter-
mediates such as a solvent-separated ion pair in prefer-
ence to the m-bonded possibilities. o
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The observation of 14N contact shifts in ion-paired systems requires that the nature of the geometrical models used to de-
scribe the ion-pairing process be reevaluated.. The relative contribution of both Fermi contact and dipolar shifts to the
total isotropic shift is discussed for a new series of anionic lanthanide complexes and for the previousty studied tetrahalo-

metalate(II) complexes.

The chemical shifts which result from delocalization
of very small fractions of an unpaired electron from a
paramagnetic metal ion onto a ligand or from through-
space dipolar coupling between electron and nucleus
have begun to shed light on the nature of relatively
weak interactions in solution.!=® In particular nmr
studies of solutions containing ion pairs having one
paramagnetic ion, usually the anion, have given rise to
information on ion-pair geometries in solution.

The total isotropic resonance shift in the nmr due to
the presence of unpaired electrons can be expressed as
the sum of two parts, the Fermi contact shift, Ay,
and the dipolar shift, Ayg;p,, thus!

(Av)t = (Al‘f)f + (AVdip)t (1)
where
_ AixM
(Ayf)i - NgNBN (2)
and
LSS + 1 3 2y, — 1
(ari)o = S 3 )F(g)l: S } 3)

Here, A; is the electron-nuclear hyperfine coupling
constant, xp is the paramagnetic susceptibility of the
complex, and F(g) is a function of g;; and g, , the parallel
and perpendicular components of the g tensor of the
paramagnetic complex. The exact form of F(g) de-
pends critically on the relative magnitudes of the elec-
tron Zeeman anisotropy energy, the electronic relaxa-
tion time, and the molecular tumbling correlation time.?

(1) G.N.LaMar, J. Chem. Bhys., 41, 2992 (1964); J. P. Jesson, ibid., 47,
579 (1867); R. J. Kurland and B. R. McGarvey, J. Magn. Resonsnce, 3, 286
(1970).

(2) G.N. La Mar, J. Chem. Phys., 48, 235 (1965).

(3) W.D. Horrocks, Jr., R. H. Fischer, J. R, Hutchison, and G. N. La Mar,
J. Amer. Chem. Soc., 88, 2436 (1966).

(4) D.W. Larsen and A. C. Wahl, Inorg. Chem., 4, 1281 (1965),

(5) I. M. Walker and R. S. Drago, J. Amer. Chem. Soc., 90, 6951 (1968).
(6) D. W, Larsen, Inorg, Chem., §, 1109 (1966).

The term at the far right of eq 3 is the so-called ‘‘geo-
metric factor’” (GF) and contains the structural infor-
mation we desire. x;is the angle made by the 7th proton
with the principal magnetic axis of the complex (the
axis of g||). R, is the distance between proton and
electron, the latter assumed to be located on the center
of the metal complex. The other symbols have their
usual meanings.? In the absence of a specific know!l-
edge of the g tensors for a paramagnetic complex or of
the relaxation times involved, geometrical information
is usually obtained by noting that, for two distinguish-
able protons

(Arg)aip/ (Av)aip = (GF)i/(GF), (4)

The principal interest to most of the workers in this
area has been in the behavior of the symimetrical tetra-
n-alkylammonium cations in solution. Larsen and
Wahl* studied D;O solutions of [(CH;)4N ;Fe(CN)¢ and
of K3sFe(CN)s containing R.NBr (R = CH; C.Hj,
n-CgHg, n-CyHy). The interionic distance, which can
be defined as the distance between the metal and the
central nitrogen atom of the cation, 4, was estimated
at 8-9 A ; further studies on the system R;N+Cr(CN)gs~
using line broadening techniques® estimated 4 as 11 A.
The interionic distances so derived are found to be
indepéndent of the alkyl chain length,

Studies on the system (CyH;),N+(CeHs)sPCol;~ by
La Mar'? yielded 4 values of 3.8 A in chloroform,
while similar results were obtained in the system (C,-
H,)4NCofacac)s studied by Horrocks, et al.,? in chloro-
form and carbon tetrachloride.

These ion-pairing distances were estimated on the
reasonable assumption that the tetraalkylammonium
cation contains no orbitals through which covalent
bonding between anion and cation can take place.
Since the Fermi contact shift requires some form of
covalency between metal and ligand, the earlier workers



