1774 Inorganic Chemistry, Vol 13, No. 7, 1974

- Fe-iley [Mpz* + ki ks [1]
005 T ey [L] + ky Mpz]

At high Mpz™(aq) concentration kqeq reduces 1o k-1, the
specific rate of loss of the coordinated ligand L. In this
region of rate saturation the observed rate constant should
be independent of the nature of the incoming ligand. This
was verified by experiments in which isonicotinamide was
substituted for Mpz*(aq) (black point in Figure i).

The variation of k.; with temperature for the two leaving
ligands was studied in the 10-30° temperature range, and
the results are presented in Table 1. Variation of k- with
[H] in the narrow pH range employable in this study was
neither expected nor encountered.

The dependence of k-, on temperature for the two com-
plexes was investigated in the 10-30° interval, and the results
are presented in Table I. Calculated activation parameters
for amine loss from the ion Fe(CIN)sNH ;% {aq) are AHT =
222+ 1.3 keal/moland AS¥ =8 + 4 cal deg™ mol™* with
ko =(175:005)X 1072 sec™ at 25°, pH 7.2, and u =1
M. For the complex Fe(CN),NH,CH;> (aq), AH¥ =230+
1.3 kcal/mol and AS* =7 + 4 cal deg™ mol™ with k-; =
(28+0.1)X 107 % sec™ at 25°, pH 8.6, and =1 M.

The results of a study of the kinetics of dissociation of
pentacyanoiron({II) complexes of aromatic N heterocycles*
are sumumarized in Table II. These are similar to the resulis
of the experiments described in this work in that analogous
rate laws were observed in the two studies. Also, in both
cases moderately positive entropies of activation were calcu-
lated for the £-; step, implying a common dissociative-type
mechanisni.

However, other aspects of the two sets of results are dis-
similar. The specific rates of dissociation of the saturated
amine complexes are 2-40-fold greater than those of the
unsaturated class. Also, the k-; values found for the satu-
rated ligands correlate inversely with the ligand basicities,
whereas for the unsaturated leaving groups, & -; increases
slightly with increasing ligand basicity.

If the steric factors affecting k-1 are considered constant
for the pentacyanoiron(Il} complexes treated herein, the
following estimate can be made of back-bonding stabiliza-
tion energies in the complexes of aromatic N heterocycles.
Given that the rate of ligand loss for the two saturated
amine complexes correlates inversely with ligand basicity,
we propose that the rate of dissociation of a particular nitro-
gen base should be related to its pKyyy, value by an equation
of the form log k-; = A4 + B{pKyy).” Using appropriate
values of k.; and the pKyy, values of the ammonium and
methylammonium ions, one can calculate values of k-1 based
on the pKyg, values of the ligands in Table II. For 4-methyl-
pyridine, pyridine, isonicotinamide, and pyrazine, the calcu-
lated %_; values exceed the reasured ones by factors of 10°,
3X 10%,4 X 10%, and 4 X 108, respectively. The rate

)

factors may be converted, employing transition-state theory ®

into enthalpy factors, 4.1,4.7, 6.3, and 8.9 kcal/mol, re-
spectively.
These values are the enthalpies of activation required for

dissociation of the Fe(CN):>~ complexes of certain unsaturat-

ed N heterocycles after accounting for the effect of the rela-
tive ligand basicities. The values can be considered as ap-
proximate upper limits to the back-bonding energies. Be-

(7) A relationship of this form has been described for a series of
aqueous nickel(11) complexes of related ligands by P. Moore and
R. G. Wilkins, J. Chem. Soc., 3454 (1964).

(8) A. A. Frost and R. G. Pearson, ““Kinetics and Mechanisni,*
2nd ed, Wiley, New York, N, Y., 1961, Chapter 5.

Notes

cause they probably include effects other than 7 bonding,’
the enthalpies may be significantly greater than the true back-
bonding stabilization energies.
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Numerous workers have shown recently that transition
metal-nitrosyl complexes may function as hydrogenation
catalysts.!”S  Catalysis by coordinatively saturated species is
unusual. One interpretation’ suggests that phosphine dis-
sociation occurs {eq 1). Osmometric molecular weights of

kl
M(NO)L, ;?; M(NO)L,- + L (1)

2.1

300 and 800 were determined for RhNO(PPh,)5 and IrNO-
(PPh,), (formula weights 920 and 1009, respectively).® The
second suggestion® for the efficacy of metal nitrosyls as
catalysts involves an intramolecular redox process M¥(NO™) -
M2 (NO™), with simultaneous decrease in the MNO bond
angle from 180 to 120-140°,

We present here the results of a *'P nmr study of MNO-
(PPhs); (M = Co, Rh) and Rh(NQO)C1,(PPh;),. Phosphine
exchange in RhNG{PPh;); is shown to occur vig a dissocia-
tive pathway.

Experimental Section

Materials, CoNO{PPh,),” and RhNOCI,(FPh,),"® were prepared
by literature methods. RhNO(PPh,), was prepared by two routes.”s*
Tetrahydrofuran {THF) was distilled from Na-K alloy. Nmr samples
were prepared by degassing separately the solids and solvents (three

(1) W, Strohmeier and R. Endres, Z. Naturforsch. B, 2’7, 1415
(1972).

(2)J. P. Collman, N. W. Hoffman, and D. E. Morris, J. Amer.
Chem. Soc., 91, 5659 (1969).

(3) G. Dolcetti, N. W. Hoffman, and J. P. Collman, Inorg. Chim.
Acta, 6, 531 (1972).

(4) G. Dolcetti, Inorg. Nucl. Chem. Lert., 9, 705 (1973).

(5) S. T. Wilson and J. A. Osborn, J. Amer, Chem. Soc., 93, 3068
(1971).

(6) Equation 1 alone cannot yield apparent molecular weights
less than 50% of the formula weight.

(7) G. La Monica, G. Navazio, P. Sandrini, and S. Cenini, J.
Organometal. Chewm., 31, 89 (1971).

(8) J. J. Levinson and §. D. Robinson, J. Chem. Soc. A4, 2947
(1970).



Notes

Table I. Line Width Data and Kinetic Parameters for RiNO(PPh,), at 30°
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[RhNO(PPh,),], M [PPh,], M

AVRhNO(PPh,),

rpph, ' [PPh;]/
“vpph,®  37TRhNO(Ph,), = [RhNO(PPh,),]

0.497 3.6
0.530 4.3
0.518 4.0
4.2
3.3

0.198
0.113
0.037
5.02x 107* 0
0.108% 0.609

a Exchange contribution to line width, in Hz. & In C H,.

freeze-thaw cycles) and distilling the latter directly into the loaded
nmr tube. Sample tubes were then sealed off under vacuum.

Spectra. *'P nmr spectra were recorded in 5-mm (o.d.) tubes
using the Fourier transform technique at both 24.3 and 40.5 MHz,
the latter employing a Varian XL-100 spectrometer. All spectra
employed white-noise proton decoupling. Pulse delay times at room
temperature were typically 6 sec, but increased relaxation rates at
low temperatures in some solvents allowed pulse delay to be reduced
to 0.7 sec with no decrease in spectral quality. This observation has
been made before® and represents a useful technique for speeding
data collection. Chemical shifts are with respect to external 85%
H,PO,, downfield shifts being negative. Triphenylphosphine oxide
served as an internal line width standard. Separate experiments
showed this compound does not interact with RANO(PPh,),. The
full width at half-height (Av°, ;,) was typically 0.9 Hz for the phos-
phine oxide. Lifetimes and line widths are related by the equation
! =m(Av,,, — AV },), line widths being read directly from the
digitized spectra.

Results

The 3'P nmr spectrum of RhANO(PPh;); in THF at 30°
consists of a doublet centered about —48.8 ppm (Vgy_p =
175 Hz). With §/N = 300 (4000 scans, Figure 1), no reso-
nance is detectable at the chemical shift of free triphenyl-
phosphine. This yields an upper limit for ¥, /k.; =K ineq !
of 2 X 107*. Phosphine exchange in RiNO(PPh;); was also
investigated. The spectrum of 0.2 M RhNO(PPh;); in the
presence of added PPhy (0.06 M), Figure 1,is not a simple
superposition of the component spectra. Although RhNO-
(PPh3); remains a doublet at --48.8 ppm and PPh; appears
at the chemical shift of free PPhy, the latter signal is broad.
This exchange broadening was investigated over a range of
concentrations, and the results are summarized in Table 1.
To test for any solvent dependence of the exchange mech-
anism, the spectrum of a benzene solution containing RhNO-
(PPh3)5 and added PPhsy was recorded. This result also
appears in Table I. In a further attempt to detect free phos-
phine, the 3P spectrum of a dilute (5 X 107 M) solution of
RhNO(PPh;); in THF was recorded. Again, free triphenyl-
phosphine was not observed. This result is consistent with
the upper limit on K (eq 1) quoted above.

The *'P spectrum of CoNO(PPh3); on C4Dg at room
temperature (5000 scans) consists of an extremely broad res-
onance (full width at half-height 150 Hz) at approximately
—58 ppm. This line width dilutes the signal to such an ex-
tent that 3'P nmr is nearly useless. Intermediate relaxation
rates of quadrupolar nuclei (¥Co, I =7/,) can broaden reso-
nances of nuclei coupled to the quadrupolar nucleus.!°
The 3'P spectrum of CoONO(PPh3); at —=55° in THF, which
forms a glass at —65°, is a single line centered at —59.2 ppm
with half-width of only 21 Hz. The sharpening of the line
can be attributed to viscosity effects; high viscosity effective-
ly decouples quadrupolar nuclei from other spins. Since low
temperatures increase viscosity, this phenomenon has been
termed “thermal decoupling” and has been reported pre-

(9) M. Akhtar, P. D. Ellis, A. G. MacDiarmid, and J. D. Odom,
Inorg. Chem., 11,2917 (1972).

(10) G. M. Whitesides and H. L. Mitchell, J. Amer. Chem. Soc.,
91,2245 (1969).
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Figure 1. *'P spectra of (upper) 0.2 M RhNO(PPh,), and (lower)
0.2 M RhNO(PPh,), with added PPh, (0.06 M) (X indicates OPPh,).
PPh, appears at lower right as a broad peak (5.6 ppm).

viously for 1*N, 1B, and 5'V.1® The technique is likely to
be effective for improving S/N of nuclei strongly coupled to
*Co in symmetric molecules. The low-temperature *'P spec-
trum of CoNO(PPh,); shows no resonance at the chemical
shift of free phosphine.

The *'P nmr spectrum of Rh(NO)Cl,(PPh;), at room tem-
perature in CH,Cl, consists of a doublet (Vg ,_p = 104 Hz)
centered about —24.8 ppm. Here again there is no evidence
for free phosphine. The single phosphorus chemical shift is
consistent with a square-pyramidal structure with phosphines
trans, as has been found!! for Ir(NO)CI,(PPhs),.

Rh(NO)CL,(PPh3), is coordinatively unsaturated if the
RhNO moiety is bent. To test for exchange of coordinated
phosphine with added free phosphine, the 3P spectrum of a
saturated (107 M) CH,Cl, solution of this complex with
2 X 1073 M added PPhy was recorded. This spectrum is a
superposition of the spectra of the components, implying
that exchange, if it occurs at all, is slow at these concentra-
tions.!?

Discussion

The 3'P nmr spectra reported here indicate chemical equiv-
alence of the three phosphines in MNO(PPh3);, M = Co, Rh,
consistent with the pseudotetrahedral structures determined
for I'NO(PPh3); '** and RhNO(PF3)5.1%  The %P nmr spec-
tra show no dissociated phosphine for the catalytically active
species RANO(PPh;); and Rh(NO)CL,(PPh;),. Thus, the
very low molecular weight determined for RANO(PPh3); is
suspect. There is a well-established history of erroneous

(11) D. P. Mingos and J. A. Ibers, Inorg. Chem., 10, 1035 (1971).
Other structures cannot be rigorously excluded, however, especially
in view of the large change, 70 cm™, in vng from IrNOCI,(PPh,), to
the Rh analog.?

(12) Because of the very low concentrations involved, it is more
precise to say only that the lifetime of coordinated or free phosphine
exceeds (m2v,1,)”! ~ 0.1 sec.

(13) (a) V. G. Albano, P. Bellon, and M, Sansoni, J. Chem. Soc.
A, 2420 (1971); (b) D. M. Bridges, D. W. H. Rankin, D. A. Clement,
and J. F, Nixon, Acta Crystallogr., Sect. B, 28, 1130 (1972).
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osmometric molecular weights for low-valent metal com-
plexes as a result of reaction with oxygen.'*''* CoNO-
(PPh3); also shows a single resonance with no evidence for
phosphine dissociation. Since sterically demanding phos-
phines like PPhy maximize ligand dissociation,'® eq 1 will
lie farther to the left for analogous nitrosyl complexes con-
taining mixed (alkyl)(aryl)phosphines. Phosphine dissocia-
tion thus occurs at most to a limited extent.

At 30°, exchange of phosphine coordinated to RhNO-
(PPhs), with free PPhy is detectable as line broadening of
the free PPhj resonance. If an intramolecular redox process
is energetically accessible, exchange might well occur vig an
associative mechanism. Substitution reactions of nitrosyl
complexes frequently exhibit SN2 kinetics.!” For the ex-
change studied here, an associative mechanism predicts
TL—]' & [RhNOL3] and TRhNOLa_l x [L] where L = PPhg.
In fact, the phosphorus line width in RhNO(PPh,); is the
same in all spectra recorded, including those without added
phosphine. This line width is significantly greater than that
of an internal standard, however.

Phosphine exchange by a dissociative pathway is shown in
eq 1. For this equilibrium, the following relationships are
valid

7t =k, [RhNOL,][L]™! (2)

TranoL,  =k1/3 3)

Here Tpunor, represents the average lifetime of a com-
plexed phosphine, which is the quantity measured experi-
mentally. This mechanism correctly predicts the most obvi-
ous characteristic of the data in Table I: the line widths of
the RhNOL; resonances are concentration independent.
Values of &k, derived from the line width of free triphenyl-
phosphine (Table I) agree with those derived from eq 3.
Since tetrahydrofuran is potentially a coordinating solvent,
rate data were also obtained on a benzene solution of RhNO-
(PPhj); and PPhy. The value of k; does not differ signifi-
cantly from that in THF, suggesting that RhNO(PPh3,), is a
coordinatively unsaturated species and not the solvent (S)
adduct RhNO(PPh;),S.

Phosphine exchange of coordinatively saturated phosphine-
metal~carbonyl complexes typically proceeds by a dissocia-
tive path. In contrast, the coordinatively unsaturated com-
plexes MX,L, (M = Fe, Co, Ni) all exchange phosphine by
an associative pathway;'® five-coordinative MX,L5 com-
plexes are actually isolable in some instances. The mecha-
nism of exchange of free phosphine with RhNO(PPh,), thus
provides no evidence for NO functioning as an electron sink.
However, this cannot be taken as evidence that linear-bent
nitrosyl tautomerism is not catalytically significant. Steric
factors are almost certainly important in this system. They
may actually dominate the kinetics, since the bulkiness of
triphenylphosphine promotes dissociation. Among six-
coordinate complexes, a fac-MX3(PPhj); complex, which
bears an obvious structural similarity to RhNO(PPhj),, has
never been structurally characterized. An associative mecha-
nism for phosphine exchange is probably sterically inaccessi-
ble to RhNO(PPhj);. Excluding sterically atypical hydride

(14) C. A. Tolman, W. C. Seidel, and D. H. Gerlach, J. 4mer.
Chem. Soc., 94, 2669 (1972).

(15) D. D. Lehman, D. F. Shriver, and 1. Wharf, Chem. Commun.,
1486 (1970C).

(16) C. A. Tolman, J, Amer. Chem. Soc., 92,2956 (1970).

(17) F. Basolo, Chem. Brit,, 5, 505 (1969).

(18) L. H. Pignolet and W. DeW. Horrocks, Jr., J. Amer. Chem.
Soc., 90, 922 (1968).

Notes

complexes, there are no structurally characterized complexes
with four triphenylphosphine ligands.!® Solids of formula
M(PPh3), may actually have one phosphine trapped in the
lattice. Finally, steric effects have been shown to alter the

mechanism of exchange of main group acid-base complexes.?®
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Various substances described as alkaline earth pernitrides
have been reported.!  All are black, reactive materials which
yield X-ray diffraction patterns typical of amorphous com-
pounds. The strontium pernitride prepared by vacuum
pyrolysis of strontium amide proved to have a small mag-
netic moment which increased with rising temperature.®
The most easily prepared and most thoroughly studied higher
nitrides are those resulting from the decomposition of barium,
strontium, and calcium azides under hydrocarbons.'® Of
these, the barium compound is most nearly stoichiometric,
being approximately BasN,. Attempts by Linke and co-
workers® further to characterize these pernitrides by infra-
red, Raman, and mass spectrometry resulted in few revealing
results, They showed that considerable hydrazine is formed
during slow hydrolysis of the pernitrides and conjectured that
the nitrogen atoms in pernitrides exist in some sort of poly-
meric chain or net structure. Barium pernitride has been em-
ployed to effect aldol and ester condensations and to prepare
anhydrous hydrazine and alkaline earth hydrazides.* It con-
verts dimethyl sulfoxide to an amorphous polymeric sub-
stance.’
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