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refluxing hexane was reported, but low yields® were obtained
for large-scale reactions.* However, we have found the yields
to be vastly improved by using 1 instead of the MeCN ana-
logue. A large-scale reaction between 1 and cycloheptatriene
in refluxing heptane for 64 h, followed by isolation essentially
according to the published procedure, gave a 49% yield of
W(CO);(cht). An even more remarkable improvement was
found for the analogous preparation* of W(CO),(chd),.
Whereas we obtained only barely detectable amounts of this
complex using W(CO),(NCMe)s, a 51% yield resulted from
1. The higher solubility of 1 undoubtedly is a key factor in
these reactions, although EtCN may also be more readily
displaced than MeCN. The reaction of W(CO)3(NCPr); with
cycloheptatriene was more rapid than that of the NCEt
analogue and also gave favorable yields, although its lower
melting point was disadvantageous (see Experimental Section).
As a final example of the propitious features of 1, an 81% yield
of mer,trans-W(CO);(PCy;),(SO,)® was obtained from 1 upon
sequential addition of PCy, and SO, in acetone at room tem-
perature, as opposed to 50% from W(CO),(NCMe),.

In conclusion, surprisingly few complexes containing alkyl
cyanides other than MeCN have been reported. The results
reported herein indicate that the use of the higher homologues
of MeCN as ligands in transition-metal chemistry should be
encouraged and may lead to complexes with properties sig-
nificantly different from and more advantageous than those
of MeCN complexes.

Registry No. 1, 83732-33-6; fac-W(CO)3(NCPr);, 83732-34-7;
W(CO),, 14040-11-0; W(CO),(cht), 12128-81-3; W(CO),(chd),,
12131-26-9; mer,trans-W(CO),(PCy;),(SO,), 73682-35-6.

(9) Although the reported yield for a 60-mmol scale reaction was 33%, we
and others!? obtained less than half this amount, even when heptane was
used as solvent or when long reaction times were used.

(10) Wagner, F., private communication (Strem Chemicals, Inc.).
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The mechanisms of metal ion incorporation into porphyrin
molecules have been studied by many workers.!”>  While it
seems apparent that different forms of the same metal exhibit
differing reactivities,* such conclusions arise from work on
various porphyrins where kinetics taken over a limited pH
range have been used to assign relative rates. For example,
literature data®® might indicate that, for zinc, the incorpo-
ration order is Zn(OH)* > Zn** > Zn(OH),(sol) > Zn(OH)y"
> Zn(OH),*. A careful stability constant study by Sekine,’

(1) Longo, F. R.; Brown, E. M,; Rao, W. G.; Adler, A, D. In “The
Porphyrins™; Dolphin, D., Ed.; Academic Press: New York, 1980; Vol.
V, p 459.

(2) Hambright, P. In “Porphyrins and Metalloporphyrins™; Smith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; pp 233.

(3) Bain-Ackerman, M. J; Lavallee, D. K. Inorg. Chem. 1979, 18, 3358.

(4) Schneider, W. Struct. Bonding (Berlin) 1975, 23, 123.

(5) Hambright, P.; Chock, P. B. J. Am. Chem. Soc. 1974, 96, 3123.

(6) Paquette, G.; Zador, M. Inorg. Chim. Acta Lett. 1979, 26, L23.

(7) Thompson, A.; Krishnamurthy, M. J. Inorg. Nucl. Chem. 1979, 41,
1215.

(8) Turay, J.; Hambright, P. J. Inorg. Nucl. Chem. 1979 41, 1385.

(9) Sekine, T. Acta Chem. Scand. 1968, 19, 1526.

2000

1500

1000

I(obs/ [2"2+JM_'S_I

500

5 6 7 8 9 10 1N 12 1314
pH

Figure 1. pH profile of the specific rates of zinc(II) perchlorate
reactions with uroporphyrin I at 25 °C and I = 0.1 (NaClO,/NaOH).
Circles are the experimental points, and the solid line was calculated
from eq S.

however, showed the total absence of Zn(OH)* and the low
concentration of Zn(OH),(sol) at any pH in zinc(II) solutions.
The reactivity sequence of zinc(II) forms is of some interest
as the heavy metal lead acts as a poison in the body and blocks
the insertion of Fe?* into protoporphyrin IX, whereupon
Zn''(Proto-I1X) is formed. By fluorometric analysis, the
amount of Zn"(Proto) in the blood is proportional to the
amount of lead present.!® Similarly, the explanation of the
nature of the porphyrin N-H/N-D isotope effect on the rate
of porphyrin metalation by zinc(II) in DMF was based on
postulated Zn(DMF)s(OH)*/Zn(DMF);(OD)* reactants.!!

We report the kinetics of Zn(II) incorporation into uro-
porphyrin I from pH 5.5 to 13 and the ionic strength depen-
dence of the Zn?*/porphyrin reactions using porphyrins of
different peripheral charges. The results indicate that Zn?*
and Zn(OH);™ are the major substrates for the free-base form
of the porphyrin over the entire pH range.

Experimental Section

The kinetics of zinc perchlorate incorporation into uro-
porphyrin I were followed spectrophotometrically in the Soret
region with use of total porphyrin concentrations of ca. 5 X
10® M at I = 0.1 (NaOH/NaClQ,) and 25 °C. The solutions
were buffered with!2 10 M Hepes, Pipes, Mes, and Tris from
pH 5t09.5. Zn"(uro) has bands at 574, 538, and 408 nm,
with extinction coefficients of 1.4 X 104, 1.8 X 104, and 3.4
X 10° M cm™, based on e = 1.8 X 10* M~! cm™ (552 nm,
1 M HCI) for uroporphyrin I.'* Under pseudo-first-order
conditions, the reactions were first order in porphyrin over 3
half-lives and first order in zinc from 2 X 107*t0 2 x 10° M
at pH 12 and from 1 X 107 to 2 X 10¢ M at pH 7.6. At
constant pH, the observed rate constant, k.., was independent
of buffer identity and concentration between 1072 and 107 M,
and duplicate kinetic runs agreed to within 8%.

Results

Figure 1 shows the pH profile of zinc incorporation into
uroporphyrin [. As one goes from pH 5.5 to 8, the specific
rates kqq/[Zn] increase and reach a plateau. In this region,
the reactions considered!* were

H,-P* = H-P + H* K. (1)
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Notes

Zn* + Hy-P — Zn-P + 2H* Ky, )

The porphyrin monocation H;~P* is in equilibrium with the
free base H,~P, and only H,~P reacts with Zn>*. The observed
rate law is kg/[Zn] = kg K./[(H*) + K,]. A plot of
([Zn]/kqpsa) vs. [H*] was linear, giving pK, = 6.0 £ 0.1 and
kzn = (2.0 £ 0.2) X 10° M' 57!, The equilibrium constant
K, was determined independently by a spectrophotometric
titration in the absence on zinc, and the pK, was also found
equal to 6.0 £ 0.1.

The insert in Figure 1 shows that kq/[Zn] decreases from
ca. 15 M5l at pH 11 to ca. 0 at pH 13. By analogy with
previous work,%® the reactions considered in this pH range are

Zn(OH),” + OH™ = Zn(OH)> K, 3)
Hz—P + ZH(OH)3_ — Zn-P + OH™ + 2H20 an(OH);'
4

Hence, Kopsa/ [Zn] = kzqom),/(1 + K3[OHT]). A graph of
([Zn]/ ko) vs. [OH7] was linear, with kz,om),- = 20 £ 2 M™!
s'and K; = (3.6 £ 0.4) X 102 M1,

From the data of Sekine® at I = 0.1, 8, = [Zn-
(OH),71[H*]4/[Zn**] = 2.5 X 107%. The ratio 8,/(8:Kw)
= K, and with our K3, 83 = 7.0 X 1072, Zn(OH),(sol) was
found not to exceed 5% of the total zinc concentration at any
pH,’ and thus we neglect 8,. At low zinc levels, Sekine’s
hydrolysis study gave no indication of the existence of Zn-
(OH)*, and we also assume 8, = 0. With Zn?** and Zn(OH);",
the major reactants toward H,—P, the full incorporation rate
law is thus

kosa/[Zn] = K./ (K, + [H*]) X
[kzn + kznom),B:[HT 171 /(1 + B3[H*]2 + B,[H*]™) (5)

Figure 1 shows excellent agreement between the observed
specific rates (circles), and those calculated from eq 5 (solid
line) over the entire pH range studied.

The ionic strength dependence of Zn®* incorporation into
the octanegatively charged uroporphyrin I, the tetranegative
coproporphyrin III, and the dinegative deuteroporphyrin IX
were studied at pH 7.5 at ca. 1077 M porphyrin levels. The
specific rates increased with a decrease in ionic strength (J),
and Figure 2 shows the linear relationship between log
(kobsa/[Zn]) vs. I'/2/(1 + I,,) of the form

103 (kobsd/[zn]) =
log (kowsa/[Zn])1=0 + A2/ (1 + I'/?) (6)

- For Uro-1, (kopa/[Zn])}=9 = 36000 M~ s and 4 = —5.4, for
Copro-1I1, the respective values are 1600 M~! s! and -3.4,
and for Deutero-IX, the respective values are 60 M1 s! and
-0.8.

Discussion .

Uroporphyrin I was chosen for this study because it is a
B-pyrrole-substituted naturally occurring porphyrin (as opposed
to meso-substituted synthetic porphyrins) that is monomeric'®
at I = 0.1. It exhibits favorably high specific rates for zinc
incorporation, a convenient feature since zinc at ca. 106 M
levels must be used to avoid Zn(OH), precipitation in the
weakly basic region. Uro-I is insoluble between pH 5 and 2
due to protonation of the carboxylic acid groups and redissolves
below pH 1 as the unreactive dication form H,~P?*.

As found for nine other water-soluble porphyrins,!*!¢ the
monocation, H;—P*, protonated at the central nitrogen sites
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Figure 2. Ionic strength dependence of the incorporation of Zn?* into
uroporphyrin I, coproporphyrin 111, and deuteroporphyrin IX at 25
°C and pH 7.5.

is unreactive, and only the free base H,~P Uro-I reacts with
zinc. Irrespective of how they arise, the activated complex
for metal incorporation into porphyrins contains a metal species
and the free-base porphyrin, as found in this study. One would
predict that, at low zinc levels, Zn(OH),>", Zn(OH);", Zn-
(OH),(sol), Zn(OH)*, and Zn** would form as the pH de-
creases from 14. Above pH 11, several groups*®® have found
that Zn(OH);" is more reactive than Zn(OH),>~. While the
incorporation rate into Uro-I approaches zero above pH 13,
where [Zn] ~ [Zn(OH),>7], we can never prove that the latter
does not react with Uro-I. Our data suggest that Zn(OH),2~
is at least 30-fold less reactive than Zn(OH);™ (20 M! s71),
making kz,ome <« 1 M7 s7l. Zn?* incorporates 100 times
faster (kz, = 2000 M~ s™!) than Zn(OH);" into Uro-1. Zn-
(OH),(sol) never reaches more than 5% of the total zinc
concentration,” and our rate data can be adequately explained
without including a Zn(OH), term.

pK, values of ca. 9 for the [Zn(OH)*][H*]/[Zn?*] equi-
libria derived from potentiometric and solubility data have been
reported.'®1®  Sekine® studied the distribution of radioactive
65Zn between water and benzene containing a long chain
amine, where the benzene phase was assumed to extract only
uncharged Zn(OH),. The distribution coefficient as a function
of pH and Zn was used to calculate hydrolysis constants.
Within experimental accuracy, Sekine found the “remarkable”
result that Zn(OH)* is present in water in negligible amounts.
One critical compilation of stability constants accepts his
conclusions,'” while another'® simply references his work but
accepts the existence of Zn(OH)* on the basis of more
“straightforward” solubility measurements. Qur rather com-
plicated pH dependence of the observed rates can be explained
without invoking the Zn(OH)* species. A value of 8, = 107386
from Sekine®, (107%%3 from Gubelli and Ste-Marie!®) was thus
the only literature equilibrium constant used in eq 5.

Previous metalation work>’ under different conditions has
indicated that Zn(OH)™ is about 50 times more reactive than
Zn?*. The relatively small rate variations with pH noted in
such studies, at pH values and ranges well removed from the
assumed pK, can probably be attributed to causes other than
a high Zn(OH)* reactivity. One such factor might be the
marked ionic strength dependence of the incorporation rate.
As expected for the positive Zn?*, a decrease in ionic strength

(18) Bases, C. F.; Mesmer, R. E. “The Hydrolysis of Cations”; Wiley-In-
terscience: New York, 1976.
(19) Gubelli, A.; Ste-Marie, J. Can. J. Chem. 1967, 45, 827.
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leads to more rapid metalation reactions with porphyrins
having negatively charged substituent groups, with the largest
rate enhancements found for the most highly charged sub-
strate. Thus, Uro-I has kp, = 75 Mt s! at I = 1.0, 2000 M~}
s'at I =0.1, and 36000 M!/s™! at I = 0. The formally
dinegative Deutero-IX varies only from 60 M s at I =0
to 25 M~ 57l at I = 1.0. At high ionic strengths, the observed
Zn?* rates approach one another, and such ionic leveling effects
must be taken into account before porphyrin structure re-
activity data can be developed. Such effects perhaps account
for the observation that six porphyrins of varying basicity??!
exhibit similar incorporation rates toward Zn(OH),™ at high
ionic strengths.®

At I = 0, the formally octa-, tetra-, and dinegative por-
phyrins react with Zn?* in the order 36 000:1600:60, in the
ratio 600:25:1, and a similar order (380:27:1) was found for
the same porphyrin charge types by Kassner and Wang?? for
Fe(II) incorporation in a buffered water/pyridine mixture.
They demonstrated that the activation energy was constant,
and the activation entropy term was responsible for the var-
iation of rate with porphyrin charge, at constant ionic strength.
If “4” in eq 6 can be considered equal to Z,Zy, the formally
8— porphyrin acts an an effective 2.7- charged ion, the 4~
porphyrin as 1.7-, and the 2- derivative as a 0.4- species.
Similar lowered effective charge behavior is also found for
positively charged porphyrins.’

(20) Worthington, P.; Hambright, P.; Williams, R. F. X.; Feldman, M. R.;
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In summary, we report the first full pH and ionic strength
profile of a metal—-porphyrin incorporation reaction in aqueous
solution. Such a rate profile can be explained in terms of the
free-base form of the porphyrin reacting with zinc in the order
Zn** > Zn(OH);” >> Zn(OH),*. This order may in part
reflect electrostatic stabilization of metal-negatively charged
porphyrin outer-sphere and activated complexes. In contrast
to the case for negative porphyrins, positive porphyrins show
incorporation rate increases with increases in ionic strength.’
However, possible specific-anion catalysis associated with the
porphyrin? or metal! or both complicate interpretations. With
uncharged porphyrins in DMF, the metalation rates are fairly
independent of ionic strength! and show isokinetic behavior,?
and the overall porphyrin structure becomes influential. For
Cu?* in DMF, k¢, = 3 X 10 M~! 57! for N-methylporphyrins,
ca. 102 M s7! for tetraphenylporphyrin,' ca. 10 M s for
the “picket fence” porphyrin,? and ca. 10~ M~ s7! for the
“capped” porphyrin, a factor of over 107 at 25 °C. The
rate-determining step in such reactions has been postulated
to involve a deformed porphyrin with simultaneous loss of the
centlral proton from the porphyrin and solvent from the metal
ion.!4
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Communications

Unusual Photobehavior of trans-Dicyano(1,4,8,11-
tetraazacyclotetradecane)chromium(III) Perchlorate!
Sir:

We report here the results of a photostudy of the Cr(III)
complex trans-[Cr(cyclam)(CN),]ClO,, where cyclam is the
macrocyclic tetradentate amine ligand 1,4,8,11-tetraazacy-
clotetradecane. The photobehavior observed in room-tem-
perature solution is in marked contrast to that normally dis-
played by Cr(III) complexes. The compound shows no dis-
cernible photochemical reactivity and exhibits an intense,
long-lived (335-us) 2E, — “B,, phosphorescence. Furthermore,
deuteration of the cyclam N-H protons results in a marked
increase in the intensity and lifetime of the emission. This
solution behavior is reminescent of that observed for most
Cr(III) complexes at liquid-N, temperature®* and for several
solid-state Cr(III) systems at room temperature.* The details
and possible significance of these observations are discussed
below.

In a recent report Zinato and co-workers® described the
photochemical behavior of trans-[Cr(NH;),(CN),]ClO,. This
complex differs from most Cr(III) amine systems in that the
axial cyanide ligands have stronger ligand field (LF) strengths

(1) Presented in part at the 183rd National Meeting of the American
Chemical Society, Las Vegas, NV, March 1982.

(2) G. B. Porter, “Concepts of Inorganic Photochemistry”, A. W. Adamson
and P. D. Fleischauer, Eds., Wiley, New York, 1975, Chapter 2.
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Acta, 44, 1157 (1980).

(5) E. Zinato, P. Riccieri, and M. Prelanti, Inorg. Chem., 20, 1432 (1981).

than the in-plane NH, ligands. As a result, for the first
spin-allowed quartet excited state the ‘B,, component lies
substantially lower in energy (~2500 cm™) than the “E,
component.>® An important consequence of this energy or-
dering is the expectation®’ that photolabilization should be
essentially restricted to the in-plane NH; positions—a pre-
diction experimentally confirmed by Zinato and co-workers®
(for example, on 440-nm excitation, ¢ny, = 0.24 and ¢cn- <
0.005). A more limited photochemical investigation by Kirk
and Porter® of the analogous ethylenediamine system,
trans-{Cr(en),(CN),]ClO,, provides further experimental
confirmation of this theoretical prediction for species with the
“B,, excited-state component lying lowest in energy. Thus,
for such complexes, if amine ligand loss could also be prevented
without significant alteration of the overall electronic prop-
erties, then photoreactivity might be effectively eliminated
altogether.

With this latter objective in mind, we have synthesized and
characterized the complex trans-[Cr(cyclam)(CN),]CI1O,.’
We were hopeful that the presence of the macrocyclic ring
would seriously restrict cleavage of an individual Cr-amine
bond and render complete cyclam ligand loss highly improb-
able. LF photolysis (436 nm) was carried out on 0.001 M

(6) P. Riccieri and E. Zinato, Inorg. Chem., 20, 3722 (1981).

(7) L.G. Vanquickenborne and A. Ceulemans, J. Am. Chem. Soc., 99, 2208
(1977), and references therein.
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Acta, in press. Absorption maxima in aqueous solution are at 414 and
328 nm with molar absorptivities of 63 and 62, respectively.
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