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in the reaction of Tqy® because this negative charge is (partially)
compensated by the positive charge on water (2) or by protonation
3).

Another factor which could reduce the imbalance in the
transition state of the water-catalyzed reaction is that in general
a very late transition state is less likely to be strongly imbalanced.
This is best visualized if one places the reaction coordinate on a
diagram with separate axes for C—C bond cleavage and for charge
delocalization. As the reaction coordinate approaches the product
corner, it inevitably also approaches the diagonal line for balanced
reactions. If the larger secondary isotope effects for the water
reaction (1.24 to 1.28) compared to that of the k, step (1.20) is
a true indication of a later transition state, this factor could be
significant.

C. Water Addition to the Double Bond, K,. We note that the
equilibrium isotope effect on X, (average K;%/K P = 0.906) is
substantially smaller than the equilibrium isotope effects for
nucleophilic addition to carbonyl carbon.?"% Whether this is
typical for the addition to activated olefins will have to await
further study. Nevertheless, it is noteworthy that this result is
consistent with expectations based on fractionation factor calcu-
lations.%

Experimental Section

Materials. 1-H, 1-NO,, and 1-OMe were available from a previous
study.! The deuterated analogues were synthesized by condensation of
Meldrum’s acid with the respective deuterated benzaldehyde as described
by Schuster et al.;% the isotopic purity of the deuterated olefins was 98%
or better as shown by NMR analysis. Benzaldehyde-d, was prepared by
the method of Schowen et al.,*’ p-methoxylbenzaldehyde-d; by the me-

(65) (a) Hartshorn, S. R.; Shiner, V. J,, Jr. J. Am. Chem. Soc. 1972, 94,
9002. (b) Gray, C. H.; Coward, J. K.; Schowen, B.; Schowen, R. L. Ibid.
1979, 101, 4351.

(66) Schuster, P,; Polanski, O. E.; Wessely, F. Monatsch. Chem. 1964, 95,
53.

(67) Burgstahler, A. W.; Walker, D. E., Jr.; Kuebrich, J. P.; Schowen, R.
L. J. Org. Chem. 1972, 37, 1272.

thod of Vitullo et al.,% p-nitrobenzaldehyde-d; by a modification?! of
Kirby’s®® procedure.

Morpholine and triethylamine were purified by refluxing for 8 h over
sodium followed by distillation under nitrogen. The other materials were
all reagent grade and were used without further purification.

Equilibrium Measurements. K" and K, were measured spectro-
photometrically at Ay, of the olefin (325 nm for 1-H, 320 nm for 1-NO,,
372 nm for 1-OMe); at these wavelengths Toy~ does not absorb. pK; was
obtained as

OD
= + —_——
pK; = pH + log oD, - 0D 21

where OD refers to the optical density at a pH close to pK; while OD,
is the optical density of a solution where all the material is in the olefin
form, Since the solutions were unstable owing to the onset of the hy-
drolysis reaction, the following procedure was adopted. A few microliters
of a stock solution of the olefin in Me,SO as injected into a prether-
mostated buffer solution placed into a cuvette of a Gilford spectropho-
tometer. The OD was recorded as a function of time with the time of
injection being ¢ = 0. Logarithmic plots of AOD vs. time where ex-
trapolated to ¢ = 0 in order to obtain the desired OD.

Kinetic Experiments. The techniques used were the same as the ones
reported before.l»?
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Abstract: The reactivity of several transition-metal complexes toward liquid CO, has been investigated as a means of screening
such complexes for their ability to bind CO,. Although the known Ni(CO,)(PCy,), complex was prepared by the reaction
of [Ni(PCys),],(1-N3) with CO,(1), the compounds Pd(PCy,), and Pt(PCys), do not react with CO,(1) to afford CO, complexes.
But the compound Pt(PCy;), does react with wet CO, to afford PtH(O,COH)(PCys),, a bicarbonato complex. Similar reactivity
was seen for W(CO),(PCy,),, which produces WH(O,COH)(CO),(PCys), in wet CO,(1). The compounds Na[Co(N,)(PEt,Ph),]
and [Co(PEt,Ph),],(u-N,) react with CO,(1) to form complexes that contain carbonyl and carbonato ligands. Peroxocarbonato
complexes, IrR(OCO,)(CO)(PPh;); (R = Me, Ph), were prepared from IrR(O,)(CO)(PPh;), with CO,(l).

Carbon dioxide offers an attractive potential alternative to
carbon monoxide in the development of a C, chemical technology
to supplement present petroleum-based technology. Before such
a development can be realized, transition-metal-carbon dioxide
interactions must be studied, as it is presumed that the catalytic
reduction of carbon dioxide, if it is to be accomplished at all, will
be carried out in the presence of a transition metal.!

(1) Eisenberg, R.; Hendriksen, D. E. Adv. Catal. 1979, 28, 119-144.

Eisenberg and Hendriksen' recently reviewed the coordination
chemistry of carbon dioxide and summarized some examples of
metal complexes originally believed to be those of carbon dioxide
that on further examination turned out to be otherwise. Because
of difficulties of spectroscopic characterization, the unpredictable
effects of adventitious water, and the tendency of coordinated CO,
to react further, it is prudent to accept structural characterization
by diffraction methods as the criterion for judging the authenticity
of a given class of transition-metal-carbon dioxide complexes

0002-7863/82/1504-5153801.25/0 © 1982 American Chemical Society
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(M-CO,). To our knowledge only three M—CO, complexes,
Ni(72-CO,)(PCy;),,>* K[Co(Pr-salen)(n!-CO,)],* and Nb(n°-
CsHiMe),(CH,SiMe;)(n%-CO,),* have been so characterized,
despite the intense effort that has been devoted to the preparation
of such complexes. The Ni complex appears to have the correct
balance of electronic and steric factors for the stabilization of
bound CO,, as the complexes M(52-CO,)(PR;), (M = Pd, Pt;
R = Cy (vide infra), Ph®) cannot be prepared. The stability of
the Nb complex has been ascribed to its coordinative saturation
and to the fact that the orientation of the bound CO, ligand
disfavors an internal decomposition route. The stability of the
Co complex has been ascribed to the simultaneous involvement
of the Lewis acid site at C with Co and of the Lewis base site at
D with K.

The existence of these three M—CO, complexes provides meager
clues as to how one might develop a general coordination chemistry
of CO,. What is needed at this stage is a convenient method for
surveying the reactivity of CO, toward a wide spectrum of
transition-metal complexes. While previous studies have used
gaseous CO,, we describe here some experiments on the reactivity
at room temperature of a number of transition-metal complexes
toward liquid CO,. We believe that the benefits of using liquid
CO, are a greatly increased CO, concentration and the elimination
of solvent competition for a vacant coordination site on the metal.
Therefore, the use of liquid CO, may be an effective way to survey
metal complexes for their ability to bind CO,.

In this initial study, each of the metal systems chosen generally
has the following characteristics: a low-valent metal atom is
surrounded by electron-donating ligands, usually trialkylphosphine
ligands; the compound is either coordinatively unsaturated or
contains an easily displaceable ligand such as N, or an olefin; and
at least some of the ligands about the metal are sterically de-
manding.

Experimental Section

All reactions were performed under an atmosphere of prepurified N,
with standard Schlenkware. Air-sensitive solids were handled in a
Vacuum Atmosphere glove box under an Ar atmosphere. Solvents were
refluxed under N, over Na/benzophenone and were distilled immediately
prior to use. The compounds PPh,, PEt,Ph, and Cy,PCS, were pur-
chased from Strem Chemicals, Inc. The compound PCy; was generated
by dissolving Cy;PCS,; in ethanol and distilling CS; from it. All other
organic reagents were purchased from Aldrich Chemical Co. The com-
pounds IrCl(CO)(PPh,),,” IrCI(N,)(PPhs);,2 Ir(CH;)(CO)(PPh;),,°
Ir(C¢Hs)(CO)(PPhs),, 1% [RhH(PCy;),],(1-Ny),!t W(CO),(PCys),, 12
Mo(CO)5(PCy;),,'* [Co(PEt,Ph);]5(u-N;),"2 [Co(PPhy);]»(u-Ny), !
Na[Co(N2)(PEt;,Ph);],%* [Ni(PCy3),]5(1-No),'* Pd(PCy;3),,'* and Pt-
(PCy;),'* were prepared as described in the literature. Coleman In-
strument Grade CO, was obtained from Matheson and dried by passage
through a 2 X 40 ¢m column of activated 3-A molecular sieves (Davison).

(2) Abbreviations used: Cy = cyclohexyl, Pr-salen = o-HOC,H,C(Pr)=
N(CH,),N=C(Pr)C,H,OH-0, Ph = phenyl, Et = ethyl, Me = methyl.

(3) Aresta, M.; Nobile, C. F.; Albano, V. G.; Forni, E.; Manassero, M. J.
Chem. Soc., Chem, Commun. 1978, 636—637.

(4) Fachinetti, G.; Floriani, C.; Zanazzi, P. F. J. Am. Chem. Soc. 1978,
100, 7405-7407.

(5) Brisiow, G. S.; Hitchcock, P. B.; Lappert, M. F. J. Chem. Soc., Chem.
Commun, 1981, 1145-1146.

(6) Nyman, C. J.; Wymore, C. E.; Wilkinson, G. J. Chem. Soc. A 1968,
561-563.

(7) Vrieze, K; Collman, J. P.; Sears, C. T.; Kubota, M. Inorg. Synth. 1968,
11, 101-104.

(8) Fitzgerald, R. J.; Sakkab, N. Y.; Strange, R. S.; Narutis, V. P. Inorg.
Chem, 1973, 12, 1081-1086.

(9) Dahlenburg, L.; Nast, R. J. Organomel. Chem. 1974, 71, C49-C51.

(10) Yagupsky, G.; Brown, C. K.; Wilkinson, G. J. Chem. Soc. A 1970,
1392-1401.

(11) Yoshida, T.; Okano, T.; Thorn, D. L.; Tulip, T. H.; Otsuka, S.; Ibers,
J. A. J. Organomel. Ckem. 1979, 181, 183-201.

(12) Kubas, G. J. J. Chem. Soc., Chem. Commun. 1980, 61-62.

(13) Aresta, M.; Nobile, C. F.; Rossi, M.; Sacco, A. J. Chem. Soc., Chem.
Commun. 1971, 781.

(14) Jolly, P. W,; Jonas, K.; Kruger, C.; Tsay, Y.-H. J. Organomet. Chem.
1971, 33, 109-122.

(15) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu, K. J. Am. Chem.
Soc. 1976, 98, 5850-5858.
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Table I. Reactivity of Some Transition-Metal Systems
toward Liquid CO,

reacts reacts
with dry with wet

complex Co, Cco,
IrCI(N,}(PPh,), no
IrR(CO)(PPh,),, R = Me, Ph no
IrR(O, CO)PPh,), R=Me, Ph yes
[RhH(PCy ,),] ,(u-N,) no
[Ni(PCy,),] ;(u-N,) yes
Pd(PCy.), no
Pt(PCy,), no yes
Mo(CO),(PCy ), no
W(CO),(PCy,), no yes
[Co(PPh,), ] ,(u N,) no
[Co(PEt,Ph),] ,(u-N,) yes
Na[Co(N, }(PEt,Ph),] yes

A Perkin-Elmer 283 spectrometer was used to record IR spectra. The
NMR spectra were obtained from a JEOL FX90Q spectrometer on
samples in 10-mm tubes. 'H spectra are referenced to external Me,Si
and the *'P{!H} NMR spectra to external 85% H,PO, with positive
chemical shift values to lower field.

A Parr Instruments, Inc., 45-mL pressure vessel was used for the
liquid CO, experiments. A typical run consisted of placing 0.1-0.15 g
of starting metal complex and a stirring bar into the quartz-lined pressure
vessel under an inert atmosphere. A measured amount of CO,(g) (=
3500 cm?, enough to yield ~10 mL CO,(1)) was condensed into the
vessel cooled by a dry ice/ether bath (-100 °C). This corresponds
roughly to about a 1000-fold molar excess of CO, to metal complex. The
system was then sealed, placed behind a blast shield, and brought to room
temperature (pressure in vessel 60-70 atm). Since the critical temper-
ature of CO, is 31 °C and the pressure limit in the vessel is =120 atm,
experiments at elevated temperatures were not carried out. The reaction
mixture was stirred for 1 h to 2 weeks, depending on the compound under
study. The CO, was then vented, the pressure vessel opened under an
inert atmosphere, and the nature of the metal complex probed spectro-
scopically. The presence of trace amounts of H,O in CO, must be
considered when one evaluates the nature of the products obtained,
whether with gaseous or liquid CO,. Therefore, if on the basis of spec-
troscopic examination of the products a reaction was judged to have
occurred, the experiment was repeated with water deliberately added to
the reaction mixture. If the yield of the same product increased, then
the reaction was assumed to require wet CO; if the yield of product did
not change, the reaction was assumed to occur with dry CO,.

Results

We divide our findings on the reactivity at room temperature
of transition-metal complexes toward liquid CO, into three cat-
egories: no reaction; reaction with dry CO,; and reaction with
wet CO,. The various reactivities are summarized in Table 1.

No Reaction. As Table I indicates, a number of the complexes
studied show no reactivity toward liquid CO,. These compounds
were recovered unchanged from the reaction vessel, although the
fact that they were generally dispersed over the quartz liner argues
for their having been dissolved in liquid CO,. Although the
experimental conditions did not enable us to observe or probe the
reaction mixtures under pressure, at least for the N,-containing
complexes of Table I, the persistence of N, as a ligand argues
against CO, reactivity at high pressure. Thus, CO, did not
displace N, from IrCI(N,)(PPh;),. There is no evidence that CO,
will insert into the Ir-R bond of IrR(CO)(PPh;),, R = Me, Ph.
Moreover, in a separate experiment, the addition of CH;l to
IrCI(CO)(PPh;), in liquid CO, proceeded smoothly to afford
IrClI(CH,4)(CO)(PPh,),, as judged by comparison of the spectral
properties of an authentic sample prepared in toluene. Thus, there
is no evidence of CO, insertion into the Ir-CHj; bond.

Speier et al.!® report that Co(N,)(PPh;); reacts with CO; in
toluene to produce [Co(CO,)(PPh;),],. However, we find that
[Co(PPh;);],(u-N,) shows no reactivity toward CO,, although
the corresponding PEt,Ph complex does. The results for the Ph
complexes may not be at variance, for it seems doubtful if a CO,

(16) Speier, G.; Simon, A.; Marko, L. Acta Chim. Acad. Sci. Hung. 1977,
92, 169-173.
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complex was prepared by Speier et al.'® They assign to the
coordinated CO, molecule an IR vibration at 1890 cm™. This
is well beyond the range of 1550-1740 cm™ observed in authentic
CO, complexes.!

Although [Ni(PCy;),],(u-N>) is known to react with CO,(g)
to afford Ni(n2-CO,)(PCy3),,> and indeed this same complex is
formed with CO5(l) (vide infra), the closely related complexes
Pd(PCy;), and Pt(PCy;), do not react with dry CO,, although
the Pt compound does react with wet CO,. Nor does the related
Rh system, [RhH(PCy,),],(1-N,), display any reactivity toward
CO,. Finally, the earlier transition-metal systems, M(CO);-
(PCy;)s, M = Mo, W,!2 do not react with dry CO,, although the
W complex does react with wet CO,.

Reactions with Dry CO,. The compound Ir(CH;)(O,)-
(CO)(PPhy,),, prepared by exposing Ir(CH;)(CO)(PPh;), to the
atmosphere for 24 h, shows reactivity toward dry CO,(1). The
oxygen complex shows a »cg band at 1968 cm™ and a vgq band
at 826 cm™'. The 3'P{'H} NMR spectrum consists of a singlet
at -2.56 ppm. The 'H NMR spectrum displays a triplet resonance
at 0.40 ppm (Jpy = 4.9 Hz). The product of the reaction with
dry CO, shows a v band at 2015 cm™! and absorption bands
at 1680 and 772 cm™. Its *'P{'H} NMR spectrum consists of a
singlet at 8.58 ppm. Its 'H NMR spectrum displays a triplet
resonance at 0.51 ppm (Jpy = 4.9 Hz). The compound Pt-
(0,)(PCy,), reacts with CO, to afford Pt(OCO,)(PCy,),,"” which
displays vibrations at 1680 and 822 cm™ that have been assigned
to the C=0 and O—O stretching vibrations of the peroxy-
carbonato ligand. The close correspondence of the vibrational
spectra of the Ir and Pt systems, along with the NMR evidence
on the Ir system, leads us to suggest that the complex formed
between Ir(CH;)(0,)(CO)(PPhy), and CO,(l) is Ir(CH;)-
(0OCO;)(CO)(PPh,),, in which the phosphines are trans to one
another. Comparisons of the spectra suggest similarly that the
product of Ir(C¢Hs)(0,)(CO)(PPh,), with CO,(1) is also a
peroxycarbonate.

The ready displacement of the N, ligand from [Ni(PCys;),],-
(u-N,) led us to examine other first-row transition-metal dinitrogen
complexes. The compound [Co(PEt,Ph);],(u-N,) reacts with
liquid CO; to yield a highly air-sensitive red oil. The reaction
is accompanied by the release of PEt,Ph. The IR spectrum of
the product displays intense bands at 1910, 1855, and 1715 cm™
and no evidence of OPEt,Ph formation. The red compound is
paramagnetic, making NMR spectral measurements impossible.
Exposure of the product to air converts it into a very insoluble
purple solid containing Co(COs), as judged by comparison of the
IR spectrum with that of an authentic sample of Co(CO;) pre-
pared from Co(ClO,), and Na,CO,;. The infrared bands at 1910
and 1855 cm™ might arise from carbonyl vibrations, and the band
at 1715 cm™ could be assigned to a metal—carbonato vibration
(compare the 1680 cm™ band in Pt(CQO;)(PPh;),'%). The re-
ductive disproportionation of CO, to CO and CO,* has been
observed previously in [Mo(CQ;)(CO)(PMe,Ph);],,'* [Ti(Cs-
H;),]4,(C0;),,% and the reaction of Na[Fe(CsHs)(CO),] with
CO,2  The intermediacy of a C,0, ligand, as observed in
IrCl(C,04)(PMe;);,2 is an attractive idea but has not been
conclusively demonstrated for any system to date.

Similar chemistry was seen for Na[Co(N,)(PEt,Ph),] in liquid
CO,. The starting metal complex displays a NN stretching
frequency at 1840 cm™!. This is absent in the reaction product,
and new bands are present at 1974, 1910, and 1715 cm™!, These
can again be assigned to metal-carbonyl and metal-carbonate
vibrations. No OPEt,Ph was detected, and the compound again

(17) Tatsuno, Y.; Otsuka, S. J. Am. Chem. Soc. 1981, 103, 5832-5839.

(18) Hayward, P. J.; Blake, D. M.; Nyman, C. J.; Wilkinson, G. J. Chem.
Soc., Chem. Commun. 1969, 987-988,

(19) Chatt, J.; Kubota, M.; Leigh, G. J.; March, F. C.; Mason, R.; Yarrow,
D. J. J. Chem. Soc., Chem. Commun. 1974, 1033-1034,

(20) Fachinetti, G.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J. Am.
Chem. Soc. 1979, 101, 1767-1775.

(21) Evans, G. O.; Walter, W. F.; Mills, D. R.; Streit, C. A. J. Organomel.
Chem. 1978, 144, C34-C38.

6 (22) ngskovitz, T.; Guggenberger, L. J. J. Am. Chem. Soc. 1976, 98,

1615-1616.
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Figure 1. *'P{'H} NMR spectral changes observed upon adding CO, to
a toluene-a® solution of Ni(N,)(PCy;); and then cooling the Ni(CO,)-
(PCys,), solution that is formed.

decomposed in air to a purple solid containing Co(CO5).

The reaction of [Ni(PCy;),],(u-N,) with CO,(g) was first
reported to afford [Ni(PCy,),],(¢-CO,).1* Later, Ni(52-CO,)-
(PCys), was isolated from this reaction, as characterized by a
single-crystal X-ray diffraction study.> We find that this complex
may be prepared in high yield in liquid CO,. In N,-saturated
toluene solution, the equilibrium

[Ni(PCy) la(u-Np) == NN (PCys), ()

is confirmed from the observation of an N-N stretching vibra-
tion.!* This vibration is absent in the solid-state IR spectrum,
as expected for a symmetrical dimer. We have studied this
equilibrium with the use of P{¥H} NMR spectroscopy. The
3P{'H} NMR spectrum of [Ni(PCy;),]5(u-N,) in toluene-a® so-
lution at 30 °C consists of a singlet at 46.5 ppm that is assignable
to Ni(N,){(PCy,),. If argon is bubbled through the solution, N,
is displaced, and a signal arising from Ni(PCy,), is observed at
44.2 ppm. When an N,-saturated solution of Ni(N,)(PCyj3), is
cooled, the resonance assigned to [Ni(PCy;),],(u-N,) appears at
7.35 ppm. Even at —88 °C the equilibrium is not completely
shifted to the left, and observable amounts of Ni(N,)(PCy,),
persist. There is a spectral change when CO, is bubbled through
a solution of [Ni(PCy,),]s(u-N,) (Figure 1). The resonance
arising from the starting material disappears, and a signal assigned
to Ni(CO,)(PCy,), is observed. At 30 °C the spectrum consists
of a singlet at 36.16 ppm, but upon cooling the sample the signal
coalesces at =50 °C and then sharpens into the expected doub-
let-of-doublets pattern for two mutually coupled inequivalent cis
phosphine ligands (51.5, 20.0 ppm; Jpp = 40.3 Hz). The AG.*
for this exchange process is 9.8 & 0.2 kcal/mol.??

Reactions with Wet CO,. The presence of adventitious water
has resulted in the misformulations of several “CO,” com-
pounds.?*28  Consequently, as we indicated above, if a given

(23) AG.* = 2.3RT, [10.32 + log (T./({(x/2)(Av* + 6J%)1/%)]. See:
Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, G. H.
“Organic Structural Analysis”; MacMillan: New York, 1976; pp 116-119.

(24) Komiya, S.; Yamamoto, A. J. Organomel. Chem. 1972, 46, C58~C60.
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transition-metal complex appeared to react with dry CO,(1), we
repeated the experiment with water deliberately added to the
reaction mixture (M:H,O = 1:1) to ascertain if the reaction was
really occurring not with dry CO, but with wet CO,. As Table
I indicates, we have found that both Pt(PCy,), and W(CO),-
(PCyj;), react with wet CO,.

The compound Pt(PCy;),, which is known to react with H,0,%
reacts with wet CO, to produce trans-PtH(O,COH)(PCy,),. This
formulation is based on IR, 'H NMR, and P{!H} NMR spec-
troscopy. The IR spectrum displays a Pt—H stretching vibration
at 2240 em™), together with a CO vibration at 1609 cm™! and an
OH vibration at 2660 cm™ that may be assigned to the bicarbonato
ligand. The 'H NMR spectrum displays a signal at —=23.59 ppm
(Jpy = 14.2 Hz, Jpyy = 1178 Hz) assignable as the hydride
resonance and a broad peak at 11.78 ppm attributable to the
bicarbonato proton. The trans arrangement of the phosphine
ligands is confirmed by the observation of a singlet at 39.91 ppm
accompanied by '*°Pt satellites (Jpp = 2920 Hz) in the *'P{iH]}
NMR spectrum. Two closely related compounds, trans-PtH-
(n'-0,COCH;)(PCy;),* and trans-Pd(CH,)(n'-O,COH)-
(PEt;),,%7 are known.

We find that W(CO),(PCy,), reacts both with H,O and with
CO,/H,0 mixtures. The product with H,O is highly labile and
reverts to W(CO),(PCy;), in a dry atmosphere or in vacuo. Since
the compound is insoluble in hydrocarbon solvents and reacts with
donor or chlorinated solvents, no NMR spectral measurements
were possible. Its IR spectrum consists of two peaks in the voy
region at 3635 and 3662 cm™ and a series of bands at 1925, 1862,
1800, 1709, and 1678 cm™!. Treatment of W(CO),(PCy,), with
D,0 produces the deuterated analogue. Its IR spectrum lacks
the bands at 3635, 3662, 1709, and 1678 cm™! and displays new
vibrations at 2718, 2698, 1696, and 1242 cm™. The question arises
whether the complex is better formulated as W(H,0)(CO);-
(PCy,;); or as WH(OH)(CO);(PCy,;),. The IR vibrations ex-
pected for a metal-coordinated H,O3%! are a stretching mode below
3500 cm™! and a bending mode near 1600 cm™, both of weak
intensity. For a hydrido-hydroxo complex, a M—OH stretching
vibration above 3500 cm™ *! and a M—H stretching mode should
be observed. Thus, we believe the compound is WH(OH)-
(CO)3(PCy;),. The two peaks in the vgy region probably arise
from intermolecular interactions; two peaks are also seen for
Pt(CH;)(OH)(PPh;),*? and Pd(OH)(CCICCl,)(PPh,),.>?
Deuteration again produces two bands in the vgp, region at 2718
and 2698 ecm™ (vo/vop = 1.35). Assignment of the vy vibration
can be made on the basis of a v, band at 1242 cm™!, assuming
vy/vp ~1.4. The W—H vibration is then expected to be at ~ 1700
cm™. The hydride complex displays two bands in this region
(1709, 1678 cm™). The compound WH(OH)(CO),(PCys,), is
a member of a small class of hydrido—hydroxo complexes formed
by oxidative addition of H,O. The compounds PtH(OH)(P(i-
Pr);),,% [RhH(OH)(en),]*,”* and Os;H(OH)(CO),** have been
reported. Addition of NaOH to RuHCI(PPh;), produces RuH-
(OH)(S)(PPh;),* (S = solvent). The reaction of Pt(PR;); (R
= j-Pr, Et) with H,O affords [PtH(PR;);][OH] and [PtH(S)-

(25) Krogsrud, S.; Komiya, S.; Ito, T.; Ibers, J. A.; Yamamoto, A. Inorg.
Chem. 1976, 15, 2798-2805.

(26) Ito, Y.; Tsuchiya, H.; Yamamoto, A. Chem. Leil. 1976, 851-854,

(27) Crutchley, R. J.; Powell, J.; Faggiani, R.; Lock, C. J. L. Inorg. Chim.
Acta 1977, 24, L15-L16.

(28) Yoshida, T.; Thorn, D. L.; Okano, T.; Ibers, J. A.; Otsuka, S. J. Am.
Chem. Soc. 1979, 101, 4212-4221.

(29) Yoshida, T.; Matsuda, T.; Okano, T.; Kitani, T.; Otsuka, S. J. Am.
Chem. Soc. 1979, 101, 2027-2038.

(30) Immirzi, A.; Musco, A. Inorg. Chim. Acta 1977, 22, L35-L36.

(31) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and Co-
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Mason and Ibers

(PR;),][OH].? Likewise, RhH(P(i-Pr)), oxidatively adds H,O
to afford [RhH,(S),(P(i-Pr),),] [OH], which can be isolated as
the BPh,” salt.

Reaction of WH(OH)(CO);(PCyj;), in liquid CO, produces
WH(O,COH)(CO)1(PCys3),, a labile bicarbonato complex, which
in vacuo reverts to W(CO);(PCy;),. The formulation as WH-
(O,COH)(CO);(PCy,), is made on the basis of the disappearance
of the voy and vy vibrations and the appearance of a new vy
vibration of 2010 cm™ and a vg,coy vibration at 1615 cm™,
Deuteration shifts these frequencies to 1380 and 1605 cm™, re-
spectively. In both complexes there are bands at 1894, 1860, and
1795 cm™ in the CO stretching region. The OH stretching vi-
bration could not be located for the bicarbonato ligand. These
absorptions are usually broad and weak if there is any intermo-
lecular hydrogen bonding.”® There is no sign of insertion into the
W-H bond. Other cases are known?® in which insertion into
M-OH bonds occurs preferentially over insertion into M—H bonds.

Discussion

Even under the forcing conditions of liquid CO,, with no solvent
present and a CO,:M ratio of perhaps 1000:1, most metal com-
plexes examined remained unreactive toward CO,. But in the
course of this survey of the reactivity of some transition-metal
systems toward CO,(1), several interesting reactions were found,
as deduced from the nature of the products.

The formation of IrR(OCQ;)(CO)(PPh,), from IrR(O,)-
(CO)(PPhy), is probably an example of external attack by CO,
on a coordinated species. The compounds IrR(Q,)(CO)(PPh,),
are coordinately saturated, and even if an open coordination site
were provided by PPh; dissociation, CO, coordination to the
iridium atom would seem unlikely because of the demonstrated
inertness of IrCI(N,)(PPh,), and IrR(CQO)(PPh,), to CO,. Kinetic
measurements for the reaction of hexafluoroacetone with IrCl-
(0,)(CO)(PPh;),* to form IrCl(0,C(CF,;),0)(CO)(PPh,), are
consistent with a similar external attack mechanism for this re-
action.

Similarly, the formation of WH(O,COH)(CO);(PCy3), from
WH(OH)(CO);(PCy,), and CO,(1) probably results from external
attack of the CO, molecule on the W—OH linkage, as its seems
unlikely that prior to insertion CO, could coordinate to a seven-
coordinate W atom. But the formation of trans-PtH-
(O,COH)(PCys;), from the reaction of Pt{PCys;), with wet CO,(1)
could proceed through CO, attack on a trans-PtH(OH)(PCy,),
intermediate, formed by oxidative addition of H,O to Pt(PCy,),,
or by oxidative addition of H,CO; to Pt(PCy,),.

Spectroscopic evidence for CO and CO;> in the products of
the reactions of [Co(PEt,Ph);],(u-N,) and Na[Co(N,)(PEt,Ph);]
with CO,(1) suggests that in these instances intermediate CO,
complexes were formed. Such complexes, not stabilized by steric
bulk, are open to attack by additional CO,, ultimately leading
to reductive disproportionation to CO and CO,*. The use of steric
bulk to stabilize highly reactive CO, complexes is clearly im-
portant.

But the results for the Ni triad provide the most dramatic
illustration of the importance of electronic factors in CO, coor-
dination. The compound [Ni(PCy,),],(u-N,), which in solution
is in equilibrium with Ni(N,)(PCy,),, readily forms the modestly
stable compound Ni(n2-CO,)(PCy,), with CO,(g)? or COx(1). It
does not matter whether the CO, is dry or wet. The analogous
Pd complex, Pd(PCy,),, is unreactive toward either dry or wet
COy(1). And the complex Pt(PCy,),, while unreactive toward dry
CO4(]), reacts with wet CO,(1) to afford trans-PtH(O,COH)-
(PCy3)».

Although the preparation of new, stable, isolable M—-CO,
complexes has not been realized in this initial study, we are en-
couraged by the ease with which we were able to prepare the
known complex Ni(n?-CO,)(PCy,), with CO,(l), rather than
CO,(g), and by the ease with which we were able to screen
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transition-metal systems for their reactivity toward CO, through
the use of CO,(l).
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Abstract: Positive and negative Cf-252 fission fragment ionization spectra have been obtained for a natural and a synthetic
sample of alamethicin I. The positive spectra of the two samples are identical to within an experimental error, and the negative
spectra are identical except for the presence of a trace amount of impurity in the natural sample. The spectra provide strong
evidence that the natural and synthetic samples are identical and thus that natural alamethicin I has the same structure as
the known structure of the synthetic sample. The fragmentation occurring in the positive ion spectra is analyzed, and several
series of sequence ions are identified. Reaction mechanisms producing the several series of sequence ions are suggested. Two
of the sequence ions series involve addition of sodium ion to the alamethicin I molecule followed by fragmentation with retention

of the sodium in the charged fragment.

Alamethicin (ALA)? is a peptide antibiotic produced by the
fungus Trichoderma viride.> The primary interest in alamethicin
stems from the fact that it affects the electrical properties of
artificial bilayer membranes.** Some controversy has surrounded
the elucidation of the structure of natural alamethicin,® which is
a mixture of closely related compounds. Using the solid-phase
technique,’ one of us has recently concluded the chemical synthesis
of the major component of alamethicin (ALA I) and has dem-
onstrated identity of the synthetic with the natural product.?

Rinehart and co-workers® have made an extensive investigation
of alamethicin using various mass spectrometric procedures, and
their work provides strong evidence concerning the amino acid
sequences in alamethicin I and II. Our main analytical goal in
the work reported here is to demonstrate by fission fragment
ionization mass spectrometry that separated and purified ala-
methicin I from natural sources is identical with synthesized
alamethicin I. Such a comparison provides further evidence about
the structure of natural alamethicin I. Fission fragment ionization
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mass spectrometry!®!! has been little used for the determination
of the identity and structure of peptides, and consequently we give
the results of our findings. In addition, we present details of the
novel and interesting ionic chemistry giving rise to the observed
spectra.

At present there exists only a very limited set of published data
on polypeptides using fission fragment ionization mass spec-
trometry'®3? or the related ionization techniques involving bom-
bardment by keV ions'? and intense laser pulses.'!* Macfarlane
and co-workers have given in the open literature the spectra of
two peptides, 8-endorphin!? and gramicidin A.! The spectrum
of the 31-residue peptide B-endorphin covers the mass range from
900 to the quasi-molecular ion region at m/z 3487 (M + Na)*).
This spectrum is remarkable in that a distinct (M + Na)* ion
is observed (signal to noise fluctuation ratio of approximately 20:1),
while virtually no fragmentation is seen above m/z 900. The hints
of fragment ion peaks that are to be seen have very low signal
to noise fluctuation ratios (~1:1). The spectrum given for
gramicidin A (15 residues) is restricted to the molecular ion region
where (M + Na)* ions at m/z 1904 and 1918, respectively, are
observed for the two variants studied. Macfarlane and co-workers
also describe!? certain aspects of the spectra of y-glutathione (six
residues) and a series of di- and tripeptides.

Positive and negative mass spectra for the tripeptide Ala-
Ala-Ala have been obtained in this laboratory.!! Quasi-molecular
ions are observed in the positive ion spectrum, and the frag-
mentation is representative of the peptide structure. By contrast,
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