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The platinum complexes Pt(Meen)Cly, [Pt(Meen)(NHs3),]Cls, [Pt(Meen)(NHs),](BCS);, [Pt(Meen (phen)]Cly-2H,0, and

[Pt(Meen)(phen)]{ BCS),- H;O have been prepared.?

The complex ions Pt(Meen)(NH;)2* and Pt(Meen)(phen)?* have
been resolved by fractional crystallization of the BCS salts from methanol and water, respectively.

In these square-planar

complexes the CH3NH nitrogen atom is the sole center of asymmetry. Racemization rates for these complexes are specific
hydroxide ion catalyzed. Rates of exchange of the proton on the N-methyl nitrogen atom were followed by nmr by ob-

serving the growth of the methyl singlet on deuteration.

These rates, also hydroxide ion catalyzed, were 100 and 2500 times

greater than the racemization rates, respectively, for the diammine and phen complexes, indicating mainly a retention of
configuration about the nitrogen for the deuteration process. ’

Introduction

There has been much interest of late in the resolution
and kinetics of racemization and proton exchange of
transition metal complexes containing asymmetric sec-
ondary amine nitrogen atoms. The ability to resolve
such complexes depends on the lability of the amine
proton and the susceptibility of the deprotonated com-
plex to inversion. A number of rate studies®—® per-
formed on simple amine complexes, particularly inert d®
octahedral and d® square-planar complexes, has proved
that proton exchange is quite slow in acid media and
that the rate of proton exchange is first order in [OH~].
Since inversion at an asymmetric nitrogen atom in these
complexes is not expected to occur without prior depro-
tonation, the resolution of optical isomers was a strong
possibility.

Armed with this information, Sargeson, ef al.5-8
have succeeded in resolving the secondary amineco-
balt(II1) complex ions Co(NH;)(CH;NHCH,COO)?2+,
Co(NH;)y(Meen)?®t, and trans,trans-Co(NOz)s(Meen), t.
The sole center of asymmetry of these complexes is the

(1) Taken from the Ph.D. thesis of John B. Goddard, Northwestern
University, Evanston, Ill., 1969.

(2) Meen = CH;NHCH:CH:NH:; BCS = d-a-bromocamphor-m-sul-
fonate; phen = 1,10-phenanthroline.

(3) F. Basolo, J. W, Palmer, and R. G. Pearson, J. Am. Chem. Soc., 82,
1073 (1960).

4) J. W. Palmer and F, Basolo, J. Inorg. Nucl. Chem., 18, 279 (1960).

(5) J. W. Palmer and F. Basolo, J. Phys. Chem., 64, 778 (1960).

(6) B. Halpern, A. M, Sargeson, and XK. R. Turnbull, J. Am., Chem. Soc.,
88, 4630 (1966).

(7) D. A. Buckingham, L. G. Marzilli, and A. M. Sargeson, ibid., 89,
825 (1967).

(8) D. A. Buckingham, L. G, Marzilli, and A. M. Sargeson, ibid., 89, 3428
(1967). )

asymmetric nitrogen atom. They have shown that the
rates of racemization and proton exchange are both first
order in hydroxide ion concentration and that the rate of
proton exchange for a given complex exceeds the rate of
racemization by 103-10%; ¢.e., proton exchange on the
asymmetric nitrogen atom is occurring principally
without inversion. Once the amido (deprotonated)
complex is formed, it must invert rapidly to compete
with reprotonation or deuteration even for this limited
amount of inversion to be observed. The limiting rate
of inversion of the amido complex must equal half the
rate of reprotonation.

By nmr coalescence techniques, Haake and Turley?®
have compared the rates of proton exchange and in-
version at the amine nitrogen atoms of the two plati-
num(II) complexes Pt(Mesen) (NH;).2+ and Pt(Mesen)-
(bipy)?+ (Meen = N,N’-dimethylethylenediamine;
bipy = bipyridyl). The rates of inversion of each
equal half the corresponding rates of proton exchange
within experimental error, indicating 1009, inversion of
the amido complex. The proton-exchange rate for the
bipy complex is a factor of 300 greater than that for the
diammine.

In contrast, Erickson and Fritz!® have found that the
rate of proton exchange of Pt(EDDA)(NH;j), (EDDA
= ethylenediaminediacetate) exceeds the rate of in-
version by a factor of 200. Buckingham, Marzilli, and

(9) P. Haakeand P. C. Turley, tbid., 90, 2293 (1968).
(10) L. E. Erickson and H. L. Fritz, 156th National Meeting of the
American Chemical Society, Atlantic City, N. J., Sept 1968.
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Sargeson!! found a similar factor for the complex Pt-
(Meen)(en)? T, but also found an acetate-catalyzed path
and, at very low pH, a water-catalyzed path, revealing
that other bases are also effective in removing the pro-
ton from the secondary amine nitrogen atom. They
have also found!! that for the octahedral Pt(IV) com-
plex Pt(Meen)(en)ChL?+ the proton exchange:inversion
ratio is 104, a value similar to that for the cobalt(I11I)
complexes previously investigated.®~®

This paper reports the results of similar investigations
on the complexes Pt(Meen)(NH;)?t and Pt(Meen)-
(phen)2+. The results show that the rates of racemiza-
tion are slower than the rates of hydrogen exchange.
This is in agreement with two of the previous studies??:!!
but different from the results of Haake and Turley.*

Experimental Section

Materials,—The N-methylethylenediamine (Meen) was pur-
chased from Ames Laboratories, Milford, Conn., and was used
without further purification. The 1,10-phenanthroline (phen)
and the resolving agent ammonium d-a-bromocamphor-w-sul-
fonate (NH,BCS) were purchased from Aldrich Chemical Co.,
Milwaukee, Wis. Deuterium oxide (99.84 mol 9, D.O) was
obtained from Bio-Rad Laboratories, Richmond, Calif. The
nmr calibration standard sodium 3-(trimethylsilyl)propanesul-
fonate (TPSNa) was from Brinkmann Instruments, Inc., West-
bury, N. Y.

Analyses.—C, H, and N analyses were performed by Miss H.
Beck of this department, and analyses for Pt were done by burn-
ing the complex to the metal.

Spectra.—All uv spectra were taken on a Cary 14 spectro-
photometer. Ir spectra were taken as Nujol mulls or KBr
disks on a Perkin-Elmer 337 (range 4000-400 cm~!). The pmr
spectra were taken either on a Varian A-60 or T-60 nmr spec-
trometer. Optical rotation measurements were taken on an
O. C. Rudolph spectropolarimeter.

Pt(Meen)Cl,.—Preparation of this complex is analogous to
that of Pt(en)Cl; by Johnson’s method.? To 4.144 g of K,PtCly
was added 2.261 g of Meen-2HCI (1:1). The compounds were
dissolved in 50 ml of water, the solution was heated with stirring
to a gentle boil, and 20 ml of 1.00 A& NaOH (just enough to
neutralize the HCl) was added dropwise over a period of 0.5 hr.
A yellow precipitate began to form after 15 ml of the NaOH had
been added. The solution was cooled in ice and then filtered.
The product was washed with water, acetone, and ether and air
dried; crude yield, 2.78 g (84.5%,).

The powder was then dissolved in 100 ml of liquid ammonia, in
which the pink impurity [Pt(Meen):][PtCly] is insoluble., The
yellow solution was filtered through a medium-porosity sintered-
glass funnel, and the pink residue was washed with water,
acetone, and ether and air dried; yield, 0.461 g (of [Pt(Meen),]-
[PtCly]).

The liquid ammonia solution was evaporated gently on the
steam bath with the aid of an air stream. The yellow solid was
washed into a sintered-glass funnel with water, washed with
acetone and ether, and air dried; yield, 2.00 g (68.8%,). (Opti-
mum yields of this material were around 679;.) The productisa
light yellow powder. Amnal. Caled for Pt(Meen)Cl; and [Pt-
(Meen),] {PtCL]: C, 10.59; H, 2.96; N, 8.24. Found for Pt-
(Meen)Cly,:  C, 10.69; H, 2.66; N, 8.28. Found for [Pt-
(Meen),] [PtCls: C,10.56; H, 2.84; N, 8.16.

[Pt(Meen)(INH;).]Cl,.—To 3.915 g of Pt(Meen)Cl; suspended
in 25 ml of water was added 15 ml of concentrated NH;. The
suspension was stirred and warmed 0.5 hr, and the resulting
clear solution was evaporated to near dryness. The product
was dissolved in 8 ml of water, and the solution was filtered. To

(11) D. A. Buckingham, L. G. Marzilli, and A. M. Sargeson, J. Am. Chem,

Soc., 91, 5227 (1969).
(12) G. L. Johuson, Inorg. Syn., 8, 242 (1966).
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the filtrate was added 2 ml of concentrated HCI and 100 ml of
acetone; the productreadily crystallizes with scratching. After
being cooled in ice, the solution was filtered, and the white
powder washed with acetone and air dried; yield, 4.10 g (95.09,).
Anal. Caled for [Pt(Meen)(NH;)]Cl: C, 9.63; H, 4.31;
N, 14.97; Pt, 52.14. Found: C,9.77; H, 4.47; N, 14.96; Pt,
52.13. A uv spectrum of the aqueous complex has a maximum
at 285 mu (e 44.3) and a shoulder at 223 mu (¢ 947).

The 60-MHz pmr spectra of undeuterated and deuterated
[Pt(Meen )(NHj3):|Cly are given in Figures 1 and 2. In Figure 1,
the methyl doublet is clearly seen, along with the two %Pt
satellite doublets. The methylene protons (two nomequivalent
pairs) fall mostly downfield of the principal doublet (Figure 2).
On deuteration, the methyl singlet grows exactly between the
original doublet. The NH; protons fall upfield of the HDO
peak, whereas the NHy and NH proton peaks fall downfield of
HDO. All three of these broad peaks disappear on deuteration.

Chemmical shifts from internal TPSNa, measured on an A-60,
are given in ppm: N-CH;, 2.7; ~CH,CHy—, ~2.8; NH;, 4.08;
NH,, 5.2; NH, 5.7. Coupling constants (cps) are: Jispi_cirs,
38.5; Jew,xm, 6.

AgBCS.—AgBCS was prepared by fractional crystallization
from a concentrated solution of NH,BCS and a twofold excess of
AgNO;.

[Pt(Meen)(NH; )] (BCS);.—To 1.032 g of [Pt(Meen)-
(NHj)]Cly was added 20 ml of water and 2.307 g of AgBCS
(theory). The suspension was warmed and stirred 30 min in
the dark and then filtered of AgCl. The filtrate was evaporated
to 8 ml, filtered once more through a fine-porosity sintered-
glass funnel to remove the remaining AgCl, and then evaporated
to near dryness. To the residue was added 20 ml of a 50:50
acetone-ether solution to extract the residual water. The
white complex was filtered, washed with acetone and ether, and
air dried; yield, 2.25 g (88.39%,). Awnal. Caled for [Pt(Meen)-
(NHs)] (C1oHuOsSBr)s: C, 29.91; H, 4.80; XN, 6.07. Found:
C,29.96; H, 5.16; N, 5.93.

Resolution of [Pt(Meen)(NHj;),]Cl;.—The BCS salt prepared
as described above (2.252 g) was dissolved in 50 ml of methanol
(acidified with a few drops of niethanolic 0.1 N HCL) and the
solution was cooled in ice. When precipitation commenced, it
was allowed to continue 15 min, at which time the solution was
filtered. The precipitate forms slowly and is quite voluminous.
The filtrate was set aside for a second fraction, and the precipitate
was washed with acetone and then ether and air dried; yield,
0.738 g (30.5%). This first fraction was recrystallized from 12
ml of methanol containing 6 drops of methanolic 0.1 N HCI;
yield, 0.570 g (77.29, recovery). To convert to the chloride
salt, the product was dissolved in 10 ml of methanol containing
6 drops of concentrated HCl. The volume was reduced to 7
ml with a hot plate, and 5 ml of acetone was added to the warm
solution. A white precipitate formed when the solution was
cooled. After being cooled in ice, the solution was filtered and
the product was washed with acetone and air dried; yield, 0.201 g
(89.59,). The chloride was redissolved in 15 ml of methanol
containing 5 drops of concentrated HCI, the solution was evap-
orated to 3 ml, and then 5 ml of acetone was added. The solu-
tion was cooled, and the product was filtered, washed, and
dried as before; yield, 0.174 g (869, recovery). An ir spectrum
revealed the absence of the strong BCS carbonyl stretch at 1760
cm L

Optical rotation measurements were made at two Hg wave-
lengths on a solution of 0.1685 g of this fraction in 10 ml of 0.01 &N
HCl., Values at 365 mu are o —0.6135° and [a]%; —36.4°;
at 404.7 mu, o —0.4034° and [o] %447 —23.9°.

A second fraction was obtained with the evaporation to 20 ml
of the original aqueous filtrate from the first fraction. The
solution was cooled in ice, the [Pt(Meen)(NH;)](BCS);, was
filtered, and the filtrate was set aside for a third fraction. The
product was washed with acetone and ether and air dried; yield,
0.412 g (18.39% of total). This was converted to [Pt(Meen)-
(NH;)]Cl, as before with two precipitations; yield, 0.121 g
(72%).
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Figure 1.—The 60-MHz spectrum of [Pt{(Meen)(NHj3)]Cl; in 0.05 M DCIL.

Hz
500 400 300 200 100 0
B T B e e B L e oo e A ae S o

HDO
TPSNa
- . . . Prssmsesnat .
N NS OUr T D S ST R TR R NP RPN B Rl
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 [o]

PPM(8)

Figure 2.—The 60-MHz spectrum of deuterated (N-D) [Pt(Meen)(ND;).]Cl, in DO,

An optical rotation measurement was made on 0.1205 g of this
second fraction of [Pt(Meen)(NHj3):]Clp in 10 ml of 0.01 N HCl
at 365 mu; o —0.3171°, [a] % —26.3°.

The filtrate from fraction 2 was evaporated to near dryness to
yield fraction 8. The residual solvent was extracted with ether,
and the product was filtered and air dried; yield, 0.886 g (39.4%
of total). This was converted to the chloride salt in the usual
way; yield, 0.283 g (79%).

An optical rotation study of 0.2829 g of this third fraction of
[Pt(Meen)(NH;),]Cl; in 10 ml of 0.01 N HCl was made at the
365-mu Hg line; « +0.6844°, [o]%35; +24.2°. Evaporation of the

filtrate after the first fractions have been removed appears to be
the best way of obtaining the (+) isomer, although it is not ob-
tained as optically pure as the (—) enantiomer (¢f. fraction 1).
[Pt(Meen)(phen)]Cl,- H,O.—To 0.933 g of Pt(Meen)Cl; in
30 ml of water was added 0.952 g of 1,10-phenanthroline (phen)
(~2:1). The suspension was stirred and warmed 2 hr, the
resulting yellow .solution was evaporated to near dryness, and
then the product was redissolved in 30 ml of cold water. The
solution was filtered of some unreacted Pt(Meen)Cly (0.123 g,
12.99% unreacted). The desired product was precipitated by
addition of 150 ml of acetone followed by 200 ml of ether. The
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Figure 3.—The 60-MHz spectrum of [Pt{Meen)(phen)]Cl, in 0.07 M DNO;.
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Figure 4.-——The 60 MHz spectrum of deuterated (N-D) [Pt{Meen)(phen)]Cl; in D;O.

suspension was cooled in ice and then filtered. The product has maxima at 359 mu (¢ 1503), 342 mpu (e 1870), 298 mu (e 9440),
was washed with acetone and air dried. (The material at this 277 mu (e 34,300), and 227 mu (e 40,500).

point may be nearly anhydrous and is hygroscopic. Drawing air The 60-MHz pmr spectra of the undeuterated and deuterated
through the funnel for a few minutes will solidify any oily mate- complex are given in Figures 3 and 4. The methyl doublet
rial that is present.) Amnal. Caled for [Pt(Meen)(phen)]Cls- (Figure 3) collapses to a singlet on deuteration (Figure 4), spaced

2H,0: C, 32.38; H, 3.99; N, 10.07; Pt, 35.07. Found: C, in the center of the original doublet. The %Pt satellite doublets
32.16; H, 3.98; N, 10.02; Pt, 35.21. In acidic solutions, the are equally spaced on each side of the principal doublet. The
complex reverts slowly to starting materials, Pt(Meen)Cl; and —CH,CH,~ proton peaks for the most part fall downfield of the
1,10-phenanthroline. An uv spectrum of the aqueous complex principal doublet. The NH,, NH, and phenanthroline protons
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are relatively far downfield from the HDO peak. The drain of
electrons into the  system of 1,10-phenanthroline is seen by the
shift of the methyl peak downfield by 0.6 ppm relative to the
diammine complex; this effect is more dramatic for the NH,
and NH peaks, which are shifted almost 2 ppm downfield. Upon
deuteration, the broad NH, and NH peaks disappear, but the
peaks attributed to phenanthroline are unchanged.

Chemical shifts from internal TPSNa, measured on a Varian
A-60, are given in ppm: N-CHj, 3.3; -CH.CHy~, ~3.5; NH,,
6.9; NH, 7.5; phenanthroline, 7.0-8.3. Coupling constants
(cps)are: J™p,_cw;, 39; JnH-_CH3 6.

[Pt(Meen)(phen)] (BCS).-H:0. Resolution of Pt(Meen)-
(phen)?*.-—To 0.980 g of [Pt(Meen)(phen)]Cl;:2H,0 in 100 ml
of water was added 1.473 g of AgBCS (theoretical amount).
The solution was warmed and stirred 30 min in the dark. The
solution was filtered of AgCl while still warm, then acidified with
a few drops of 0.1 N HCI, evaporated to 80 ml, and cooled in ice
1 hr. The resulting precipitate was filtered, washed with ace-
tone and ether, and air dried; yield, 0.652 g (34.0%). Anal.
Caled for [Pt(Meen)(phen)](BCS)-HsO: C, 38.64; H, 4.45;
N, 5.15. Found: C, 38.38; H, 4.67; N, 4.92.

This first fraction was recrystallized from 20 ml of water acidi-
fied with a few drops of 0.1 N HCl; vyield, 0.429 g (65.89, re-
covery). The product was converted to the chloride salt by
stirring with 8 ml of a 1:1:1 ethanol-concentrated HCl-ether
solution for 15 min; the partially dissolved chloride salt was then
precipitated with a 5-vol portion of acetone. The product was
filtered, washed with acetone, and air dried; yield, 0.179 g
(80.39%,). The BCS peak at 1760 cm ™' was absent from an ir
spectrum of this complex. An optical rotation measurement
was made on 0.1646 g of fraction 1 (as the chloride salt) in 10 ml
of 0.01 N HNOQO; at the 546-mu Hg line (the solution is opaque at
the higher energy Hg lines); o —0.5400°, [o] %54 —32.8°.

The original aqueous filtrate from fraction 1 was evaporated to
45 ml and then cooled in ice. The resulting precipitate (fraction
2) was filtered, washed with acetone, and air dried; yield, 0.885g
(46.2%). This was converted to the chloride as before; yield,
0.251 g (564.79,). The optical rotation of 0.246 g of the chloride
in 10 ml of 0.01 N HNO; was taken at 546 mu; « —0.4953°,
[a] #s6 = —20.1°.

The aqueous filtrate from fraction 2 was further acidified with
5 drops of 0.1 N HCI and then evaporated to dryness; vyield,
0.286 g (14.99,). Conversion to the chloride yielded 0.140 g
(959%). An ir spectrum showed BCS to be absent. Optical
rotation values are (0.1352 g/10 m1 0.01 N HNO;): « +0.1499°,
[a] %46 +11.1°, Again, the more soluble (4 ) isomer is obtained
only in an optically impure state.

Kinetics.—Kinetics of racemization were followed with an O. C.
Rudolph spectropolarimeter with an oscillating polarizer at-
tachment. An average of several readings would give a re-
producibility of #0.002°, but for individual readings, accuracy
was #=0.004°. A 1-dm quartz cell was used in all cases. The
polarimeter cell compartment was thermostated to 4=0.1°.

Except for the slowest reactions (f1/, > 12 hr), where the infinity
reading was taken as the reading for distilled water, kinetics were
followed to completion. Plots of log | £ — Zo| vs. time were
straight lines in all cases. In no case was any mutarotation
seen; all complexes racemized completely.

Kinetics of the exchange of the proton on the N-methyl nitro-
gen atom in these Pt(Meen)L,?>*" complexes were followed in buf-
fered D,O solution by nmr. A Varian A-60 was used in most
cases, since it was equipped with a variable-temperature probe.
A few runs were done on a Varian T-60, which has a constant
temperature of 37.5° in the sample chamber. Kinetics were
followed by scanning over the methyl doublet at appropriate time
intervals to observe the growth of the methyl singlet on deutera-
tion.

For the fastest reactions (f1/, < 10 min), the kinetic samples were
left in the nmr sample compartment for the duration of the
reaction. Temperature was calibrated with ethylene glycol and
is accurate to £1°. For the intermediate reactions (10 min
< tiy, < 6 hr), samples were left in a constant-temperature bath
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(£0.1°) except when a reading was to be taken. The variable-
temperature probe was kept at the approximate temperature
(£2°). The slowest reactions (f1/, > 6 hr) were kept in the
temperature bath (==0.1°), except for an occasional pmr reading.
The variable-temperature probe was left at its normal tempera-
ture (~40°) for these readings. All reactions were carried out in
nmr tubes.

First-order rate constants were obtained by plotting log (%, —
h¢) vs. time, where %, is the height of the methyl singlet at time ¢,
and %, its height after the reaction is completed. This method
has been used successfully before.®# The deuteration of Pt-
(Meen)(NH;),?* was the reaction studied most extensively,
and except for the very slow reactions, these log plots are straight
lines. The slow reactions ({17, > 8 hr) gave straight lines after
about one-third of the reaction was completed; for the initial
third, plots were curved and the reaction was apparently slower.
This curvature may be caused by another reaction, as all nine
nitrogen protons exchange with D,O at several different rates.
The rate of interest is otherwise easy to follow as the methyl pro-
tons stand out well in the pmr spectrum. Kinetic runs under
identical conditions were reproducible to 4209, although re-
producibility was not as good for different preparations of the
complex. Methyl singlet growth during a kinetic run in D,0 is
shown by Figure 5.

L

t=0 2 4 6 8 10 14 24 55 min.

Figure 5.—Deuteration of the N-methyl proton of [Pt(Meen)-
(NH;):[Cl; in acetate buffer. The reaction was followed with
a T-60 nmr spectrometer at 37.5°.

The deuteration of the complex Pt(Meen)(phen)?* was studied
less extensively. Runs done at 37.5° on a Varian T-60 gave
straight lines for the plot of log (%, — 4.) vs. time, again for the
growth of the singlet. Resolution of the methyl doublet for this
complex is quite good with a T-60, but poorer on an A-60. Con-
sequently, there is much scatter in the points for the runs at 25°.
Solubility of the complex is <0.8 M, and kinetic runs were done
on nearly saturated solutions.

pH and pD Determinations.—For all racemization studies, the
pH of the solution was measured at the temperature of the kinetic
runs with a Corning Model 7 pH meter. The pD of the DO
solutions was measured by the method of Glasoe and Long;!® the
pH meter is first calibrated with a standard buffer in H;O, then
the “pH”’ reading of the D,O solution is meastred, and 0.40 pH
unit is added to it to obtain the pD reading. Glasoe and Long
found that this relation (pD = pH + 0.40) holds over a wide
range of pD values. These pD measurements were made with a
Radiometer Copenhagen pH Meter 25, usually at the tempera-
ture of the kinetic runs. It was found that with the buffers used,
the variation of pD with temperature was small and within the
experimental error of the rate constants. The pD measurements
were made on ~0.5 ml of solution, usually before deuteration,
but for the faster reactions, the pD was measured after the

(18) P. K. Glasoe and F. A, Long, J. Phys. Chem., 64, 188 (1960).



2228 JoBN B. GODDARD AND FRED BasoLo

comiplex had been deuterated. On reaction solutions that were
checked, little, if any, pD change occurred during the reaction.
The ionization constants for H.O and D;0O at the various tem-
peratures were obtained from the data of Covington, Robinson,
and Bates.'* Second-order rate constants were calculated by
dividing the first-order rate constant (kssa) by [OH ] or [OD].

Results

Racemization rate studies of [Pt(Meen)(phen)]Cl,
(Table I) were performed in buffered aqueous solutions
at three temperatures to determine activation param-
eters. Potassium nitrate was used as the inert electro-
lyte to maintain ionic strength. Some decomposition,
presumably to Pt(Meen)Cl;, was noted toward the end
of the higher temperature reactions, but this did not
seem to affect the kinetic plots significantly. From a
plot of log kr ws. 1/T were calculated an activation
energy of 17.3 kecal/mol and an activation entropy of
+17 eu.

TaBLE I

KINETICS OF RACEMIZATION OF (— )-[Pt(Meen)(phen)]Cl,
1IN WATER, 1.00 M KNOs, A 546 mu

{Complex], Temp, kobsd s kR, M

Mo {Buffer], A °C pH sec ™! sec”1
0.0099 0.033 (acetate) 25.0 4.8 1.09 X 1078 15,750
0.0099 0.033 {phosphate) 25.0 5.62 6.98 X 10-8 16,730
0.0082 0.033 (phosphate} 25.0 6.26 2.90 X 107* 15,930
0.0099 0.033 (phosphate) 25.0 6.74 9.48 X 10-4 17,240
0.0144 0.033 (acetate) 37.5 4.86 8.77 X 1075 49,300
0.0099 0.033 (phosphate) 37.5 5.61 5.57 X 10~¢ 55,700
0.0144 0.033 (acetate) 50.0 4.51 2.97 X 10—¢ 170,800
0.0144 0.033 (acetate) 50.0 4.87 35.82 X 107¢ 146,000

@ Total concentration of complex, not of (—) enantiomer.
b kr = kobsa/[OH].

Racemization rate studies of [Pt(Meen)(NH;j),]Cl,
performed in buffered aqueous solutions at three tem-
peratures, are summarized in Table II. An Arrhenius
plot vielded an activation energy of 19.8 kcal/mol and
an activation entropy of 417 eu.

TaBLE I1

KINETICS OF RACEMIZATION OF [Pt(Meen)(NHj;).|Cl
IN WATER, » = 1.00 (KCl), » 365 mu

[Com- kR
plex], (Iso- Temp, Eobsd, ML

Mo mer) [Buffer], M °C pH sec Tt sec™!
0.0150 (—) 0.033 (N-ethylmor- 25.0 7.93 2.98 X 10~ 351

pholine (HC1))

0.010° (—) 0.033 (N-ethylmor- 25.0 8.08 4.23 X 10—+ 352
pholine (HC1))

0.0150 (—) 0.033 (N-ethylmor- 25.0 8.56 1.16 X 1038 320
pholine (HCI))

0.0150 (—) 0.033 (phosphate) 25.0 6.68 1,41 X 105 296
0.0252 (+) 0,033 (phosphate) 37.5 6,71 1.66 X 107¢ 1320
0.0252 (4) 0.033 (phosphate) 37.5 7.07 3.38 X 107¢% 1173
0.0252 (+4) 0.033 (phosphate) 50.0 6.28 3.87 X 107* 4450
0.0252 (+) 0.033 (phosphate) 50.0 6.69 1.07 X 10-% 4070

@ Total concentration of complex, not of optically pure en-
bhkr = Bobsa/[OH™]. ¢ 1.00 M KBr in place of KCI.

antiomer.

Proton exchange of the N-methyl nitrogen of [Pt-
(Meen) (phen) ]JCl; was studied in D20 at 25 and 37.5°;
results are presented in Table III. Deuteration in 0.1
N DCI, attempted at 37.5°, resulted in decomposition
of the complex to Pt(Meen)Cls before completion of the
reaction. Because of the poorer resolution of the

(14) A. K. Covington, R, A. Robinson, and R. G. Bates, J. Phys. Chem.,
70, 3820 (1968).
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TaBLE III

KiNETICS OF PROTON EXCHANGE ON THE N-METHYL
NI1TROGEN OF 0.20 3 [Pt(Meen)(phen)]Cl in DyO

Buffer® Temp, kobsd, kD,

(in molar units) °C pD sec ! Al sect
0.15 DaMN-0.05 Na:MN 25.0 3.00 6.22 X 10— .81 X 107
0,15 D:MN=-0.075 Na:MN 25.0 3.30 1.11 X 10—% 4,12 X 107
0.05 NaDT 25.0 3.79 2.49 X 10— 3.00 X 107
0.075 D2 ME-0.025 Na:2ME  37.5 2.37 1.30 X 10—+ 1,36 X 108
0,15 D:MN-0.05 Na:MN 37.5 3.05 4.83 X 10—+ 1.10 X 108
0.05 NaDT 37.5 3.81 3.10 X 10-% 1.35 X 108

@ Abbreviations: MN, malonate; T, tartrate; ME, maleate.

b kp = kobea/[OD ).

TABLE IV

RATES OF PROTON EXCHANGE ON THE N-METHYL
NITROGEN OF 0.30 M [Pt(Meen)(NHj;):]Clz in DO oATr Low pD

Buffer?® (in molar units) Temp, °C pD 10%%bsd, sec™?
0.02 KTOX 25.0 1.98 2.50
0.02 KTOX 25.0 1.94 2.37
0.0782 DCl 25.0 1.11% 2.34
0.015 NaoME-0.030 D:ME 50.0 2.70 32.3
0.030 Na:ME-0.060 D;ME 50.0 2.57 29.4
0.015 K,0X-0.045 D,0OX 50.0 2.11 248
0.030 K,0X-0.090 D,OX 50.0 2.00 27.5
0.0646 DCl 50.0 1.19% 23.1
0.115 DC1 50.0 0.94% 29.6
0.457 DCI1 50.0 0.34% 27.7

¢ Abbreviations: KTOZX, potassium tetraoxalate (KIDC;04-
D,C:04); ME, maleate; OX, oxalate. ? Calculated value.

N-methyl pmr signal compared to that of the diammine
complex and the limited pD range available in this case
due to decomposition at lower pD and too rapid reac-
tions at higher pD, calculation of activation parameters
did not seem warranted.

Because of the stability of the diammine complex and
the good resolution of the methyl pmr signal, kinetics of
proton exchange for this complex were studied more
thoroughly than those for the phen complex. A study
at low pD is presented in Table IV. Studies over a
wide pD range were made at three temperatures, and
the results are given in Tables V-VII. Activation
parameters were calculated from plots of log kp vs. 1/7T
for the pD range for which &p was a constant; £, = 14.3
keal and AST = 410 eu.

Discussion

The kinetics of racemization of Pt(Meen)(phen)?+
and Pt(Meen)(NHj;).2* are second order, first order in
both [OH~] and concentration of optically active com-
plex. The rate law is given by eq 1. This rate law is

rate = kr[OH][(4)- or ( —)-Pt(Meen)Ly2%] (1)

analogous to that for racemization of the several Cc-
(III)*~% and Pt(Il) complexes® 1! which have been in-
vestigated. Complex concentration had little effect
upon kg in the range investigated, nor apparently did
the inert electrolyte, as a change from KCI to KBr
vielded the same rate constant (Table II)., The three
different buffers used at varying base strengths gave no
catalysis other than that attributed to [OH~], and
rates were consistent with one another between two
buffers.
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TABLE V

RaTte CONSTANTS FOR DEUTERATION OF THE N-METHYL
N1TROGEN ATOM OF 0.30 M [Pt(Meen)(NHj),]Cly IN DO aT 25°
10%kobed, 10-5kD,> M =

Buffer?® (in molar units) pD sec™t sec™!
0.05 NaDT 3.74 0.94 12.7
0.025 NaDT 3.75 0.94 12.4
0.05 KDP 4.11 1.57 9.0
0.047 DOAc-0.0097 NaOAc 4.25 1.93 8.0
0.027 DOAc~0.0055 NaOAc 4.26 2.01 8.2
0.0115 DOAc-0.0024 NaOAc 4.26 2.05 8.3
0.10 NaOAc—0.044 DOAc 5.30 6.72 2.5
(.026 NaOAc—0.0045 DOAc 5.56 8.28 1.69
(.052 NaOAc~-0.0090 DOAc 5.58 8.67 1.69
0.0115 NaOAc—-0.0020 DOAc 5.62 9.23 1.64
0.10 NaOAc-0.020 DOAc 5.63 13.9 2.4
0.102 NaOAc-0.0116 DOAc 5.82 10.5 1.17
0.039 NaOAc—0.0044 DOAc 5.84 10.5 1.12
0.021 NaOAc—-0.0024 DOAc 5.87 11.1 1.11
0.033 KD;POs-0.017 Na;,DPOy  6.70 86.0 1.27
0.025 KD,PO4—0.025 Na, DPO; 7.03 111 0.77
0.050 KD,PO,~0.050 Na,DPO;  7.04 129 0.88
0.017 KDsP04-0.033 Na;, DPOy;  7.38 215 0.66
(0.010 KD,PO:—0.030 Na;DPO4  7.58 399 0.78
0.010 KD;PO4~0.040 Na;DPOq4 7.81 591 0.68
0.010 borax 9.44  >7000 >0.2¢

e Abbreviations: T, tartrate; P, phthalate;
b kD = kobsd/[OD_]; pKDzO = 14.87 (250)-14 '
before first point was taken; #1/, <10 sec,

OAc, acetate.
¢ Reaction over

TABLE VI

RATE CONSTANTS FOR DEUTERATION OF THE N-METHYL
NITROGEN OF 0.30 M [Pt(Meen)(NHj):]Cly N DO aT 37.5°

10-5kp,b
106k0bed, M1
Buffer® (in molar units) pD sec™~t sec~1
0.050 NaDT 3.69 1.91 11.0
0.050 KDP 4.08 3.97 9.3
(.025 KDP 4.14 4.22 8.6
(.010 KDP 4.16 4.06 7.9
0.0099 NaOAc-0.048 DOAc 4.20 2.94 5.2
(.10 NaxOAc-0.098 DOAc 4.83 6.06 2.5
0.047 NaOAc-0.0082 DOAc 5.56 27.3 2.1
0.106 NaOAc-0.0120 DOAc 5.76 32.9 1.61
(.040 KD;P0O4~0.010 Na;DPO; 6.52 221 1.88
0.033 KD,PO4—0.017 Na,DPOs 6.79 437 2.00
0.025 KD,PO;-0.025 Na,DPO, 7.12 975 2.08
0.017 KD, POs0.033 Na,DPO, 7.31 1138 1.91

¢ Abbreviations: T, tartrate; P, phthalate;
% kp = kovsa/[OD]; pKpo = 14.45 (37.5°).14

OAc, acetate.

Similarity of activation parameters suggests similar
mechanisms, the rate difference arising only from the
activation energy term. The kg for Pt(Meen) (phen)?+
is 50 times that for Pt(Meen) (NH;),2t., The 7-electron
system of phenanthroline can drain electron density
from the N-methyl nitrogen atom, creating a more
positive center which results in a greater acidity of the
N-methyl proton. The pmr spectrum suggests this
also (Figure 3), since the N-H peak is shifted 1.8 ppm
downfield from its position in the spectrum of the
diammine complex. Similarly, it has been shown that
the 2,2’-bipyridine ligand acts as an electron sink in the
complex [Pt(bipy)(en)]l;, allowing the en ligand to be
deprotonated in liquid ammonia even without the aid of
added KNH,.1

(15) G. W, Watt and D. G. Upchurch, J. Am, Chem. Soc., 90, 914 (1968).
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TaBLE VII

RateE CONSTANTS FOR DEUTERATION OF THE N-METHYL
NITROGEN OF 0.830 M [Pt(Meen)(NH;):]Cly in D;O AT 50°

10~8kp P

105%0bsd, M-t

Buffer? (in molar units) pD sec™l sec™1
0.050 NaDT 3.69 11.1 28.5
0.050 NaDT 3.73 12.4 29.1
0.025 NaDT 3.80 10.3 20.5
0.010 NaDT 3.94 10.4 15.0
0.10 NaOAc-0.79 DOAc 3.94 33.9 49.0
0.10 NaOAc-0.59 DOAc 4.08 43.2 45.2
0.05 KDP 4.14 15.5 14.1
0.05 KDP 4.15 20.4 18.2
0.0104 NaOAc-0.050 DOAc 4.21 10.0 7.7
0.050 KDP 4.23 16.2 12.0
0.025 KDP 4.34 15.9 9.2
0.010 KDP 4.53 21.1 7.8
0.10 NaOAc-0.115 DOAc 4.81 34.9 6.8
0.053 NaOAc-0.0091 DOAc 5.58 114 3.8
0.094 NaOAc-0.0106 DOAc 5.80 227 4.5
0.074 NaOAc-0.0099 DOAc 5.90 250 4.0
0.045 KD;PO4~0.005 Na;DPO;4 6.29 686 4.4
0.040 KD,PO4~0.010 Na,DPO4 6.48 1120 4.7
0.033 KD;PO4~0.017 NayDPO4 6.74 1370 3.2

@ Abbreviations: T, tartrate; OAc, acetate;
b kp = kobsd/[OD_]; pKp,o = 14.10 (5O°>~14

P, phthalate.

TABLE VIII
COMPARISON OF SECOND-ORDER RATES AND ACTIVATION
PARAMETERS OF RACEMIZATION AND PROTON EXCHANGE
FOR [Pt(Meen)L,]Cl, COMPLEXES

Temp,
°C kR,* M1 sec! kED? M- sec! kD/kR

[Pt(Meen)(NH;):]Cly

25.0 322 66,000 200

37.5 1250 190,000 150

50.0 4260 430,000 100

(Ea = 19.8 = 1 kcal/mol) (E, = 14.8 =% 1 kcal/mol)
(ASF = +17 = 3 ew) (ASF = 410 = 3 ew)

[Pt(Meen)(phen)]Cl,

25.0 16,410 3.9 X 107 2400

37.5 52,500 1.34 X 108 2600

(Es = 17.3 = 1 keal/mol)
(ASF = +17 & 3 eu)

o br = korsa(racem)/[OH™]. b kp = Ronsq (deut)/[OD"].

The proton-exchange rate of the phen complex, to the
limit of detection, follows a rate law similar to eq 1 for
racemization. The proton exchange rate of Pt(Meen)-
(NH3)2%+, which was followed over a 107 M concentra-
tion range of hydroxide ion, is somewhat more com-
plicated. At low pD, the rate is very slow and is inde-
pendent of [OD—] (Table IV). The rate law is de-
scribed simply by eq 2; B = Rkopsa of Table IV, This

rate = k[Pt(Meen)(NHj)2t] (2)

suggests a water-catalyzed path. Water is a poor base
compared to OD~, but the large ratio of DO to OD~ in
these acidic solutions allows it to compete effectively for
the amine proton. A very slow water-catalyzed path
has also been found in the deuteration of Pt(Meen)-
(em)2+.11

In the range of pD ~3-6, the kinetics are not clear.
A definite dependence of rate on [OD ] is observed, but
it is less than first-order. The actual concentration of
OD~ is quite small, eliminating the possibility of signifi-
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cant amounts of an OD~ ion pair, yet some ion associa-
tion surely exists in these solutions of high concentra-
tion. The rates do not depend upon the buffers in the
concentration range used, however, as is evident from
Tables V-VII. There is also fair agreement between
buffers in the same pD range. Consequently, the
buffer concentration is not expected to be a part of the
rate equation. Varying amounts of chloride ion also
had little effect on the rate.

Our primary concern is with the higher pD range
which correlates with the pH range of the racemization

studies. Here the rate is second order, similar to that
for racemization, and is described by eq 3. Nmr co-
rate = Ekp[Pt(Meen)(NH;),2*][OD ] (3)

alescence studies have proved useful for obtaining in-
version rates which are too fast to determine by the
more conventional kinetic approach used in this
study.91® Coalescence studies were performed with
[Pt(Meen)(NH;),;)Cl: in H,O solution; the methyl
doublet was found to coalesce to a singlet at pH ~10.1
at 37°. Second-order rate constants of ~1 X 10°
M~' sec™! were calculated, a factor of ~2 below
those at pD ~6-7 (Table VI)."” This is fair agreement
considering the difference in method and in range of
concentration of hydroxide ion.

The mechanism for racemization and proton exchange
of both Pt(Meen)(phen)?* and Pt(Meen)(NH;j),2+
(proton exchange of the diammine above pD ~6) is
given by eq 4-6. The rate constant for proton ex-

kD
d-[Pt(CH;NHCH,CH;NH,)L,2* 4+ OH ~ ===

k1
d-Pt{CH,NCH,CH,NH;)L, T + H,O (4)
. ka
d-Pt(CH;NCH,CH,NH; )L, " =—=
ko
I-Pt(CH;NCH,CH,;NH,)L,* (5)

. k
1-Pt(CH,NCH,CH,NH,)Ls+ + H,0 k,—\l_
D
-Pt(CH:NHCH,CH;NH,)L>* 4+ OH~ (6)

change is kp,; rate of reprotonation (k;) is very great.
The actual rate of inversion of the amido complex is k.
and is pH independent. Although the inversion rate is
great, the reprotonation rate is even greater, resulting
largely in retention of configuration. The measured
rate constant for racemization, kopsa = 2kK.,[OH~]/
K, is pH dependent since the rate depends on the
amount of amido complex present. Here K, is the acid
dissociation constant for the proton on the N-methyl
nitrogen atom. The value of K, is unknown, but for
the complex Pt(Meen)(en)?*, it has been assumed!!

(16) M. Meier, F. Basolo, and R. G. Pearson, [xorg. Chem., 8, 795 (1969).
(17) The authors are indebted to Dr, M. Jouan for these measurements.
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that K, < 107* based on the fairly constant rates of
reprotonation of nitrogen unshared electron pairs.

A comparison of racemization and proton-exchange
rates for both the diammine and phen complexes is
made in Table VIII, where kg and kp are average values.
Retention of configuration (or deuteration) is favored
over inversion for Pt(Meen)(phen)?* by a factor of
2500, whereas this factor is only 100 for Pt(Meen)-
(NHs)?*. The greater rate separation for the phen
complex may result from a faster rate of reprotonation
or a slower rate of inversion, or a combination of the
two. If the reprotonation rate is constant, as has been
assumed previously,® then the actual rate of inversion of
the phen complex (eq 5) must be a factor of 12-25
slower than that of the diammine complex. In that
case, differences in observed proton-exchange rates (kp)
for the two complexes result strictly from a difference in
the K.'s.

The kp/kg ratios for four other Pt(II) complexes with
asymmetric secondary amine nitrogen atoms are known
also: kp/kr = 240 for Pt(Meen)(en)2+;!t 200 for
Pt(EDDA)(NHs),;® and >2 for Pt(Mesen)(NH;) 2+
and Pt(Mesen)(bipy)2*+.® These ratios are all sub-
stantially less than the factors of 10° found for certain
Co(1I1) complexes.® This could result from an in-
creased stabilization of the amido intermediate through
7 bonding from a filled nitrogen 2p orbital to a vacant
platinum 6p orbital. Once this = bond is formed, a
symmetrical intermediate exists and racemization re-
sults.

spd pp;T
KN 4

t ==
/PQ\ AN Pt

Py

It should be noted that this type of = bonding is not
possible with the low-spin d° systems of Co(III). Fur-
thermore, if the relatively smaller kp/kr ratio in these
low-spin d® systems is due to pp-m bonding, then even a
smaller ratio of rates is expected if the N ligand atom is

replaced by P and/or the Pt is replaced by Pd. This is
currently under investigation.
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