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Cationic phthaloylcobalt complexes 3—-7 have been prepared by reaction of chlorocobalt phthaloyl complex
1 with AgBF, followed by treatment with the appropriate ligand. Reaction of these cationic complexes
with alkynes produced naphthoquinones, and the mechanistic nature of the results is discussed. The cationic
cobalt complex 6 with a chelating diphos ligand was found to rapidly give high yields of substituted
naphthoquinones on treatment with functionalized alkynes in CH,Cl,.

We recently reported an organotransition-metal syn-
thesis of naphthoquinones by the reaction of phthaloyl-
metal complexes 1 and 2 with alkynes (eq 1).! The con-

@E@“ RC=CR

L, MLn=CoCl(PPhy),
2,Min= Fg (€O,

vergent nature of the synthesis and the compatibility of
the reaction conditions with many functionalized alkynes
could allow the synthesis of complex quinone natural
products by this method if two criteria can be met. First,
a practical synthesis of benzocyclobutenedione and sub-
stituted benzocyclobutenediones must be available because
these molecules are the organic precursors of the phtha-
loylmetal complexes.? Second, phthaloylmetal complexes
with substituents on the aromatic ring must react with
unsymmetrical alkynes in a predictable manner to re-
gioselectively (or specifically) produce unsymmetrically
substituted naphthoquinones.

We have satisfactorily solved the first problem? and are
currently investigating the regiochemistry of the naph-
thoquinone synthesis. To properly approach this study,
we decided to take a closer look at the phthaloylcobalt
complex 1 which reacts at reasonable rates with alkynes
only when activated with AgBF,. We sought answers to
questions such as (a) what is the structure of the reactive

(1) Liebeskind, L. S.; Baysdon, S. L.; South, M. S. J. Am. Chem. Soc.
1980, 102, 7397.

(2) Liebeskind, L. S.; Baysdon, S. L.; South, M. S,; Blount, J. F. J.
Organomet. Chem. 1980, 202, C73-C786.

(3) South, M. S.; Liebeskind, L. S., to be submitted for publication in
J. Org. Chem.

cationic cobalt complex, (b) why are 2 equiv of AgBF,
needed for optimum yields of naphthoquinones, and (c)
can a stable, crystalline cobalt cation be isolated and stored
which will cleanly give high yields of naphthoquinones on
exposure to an alkyne?

Results and Discussion

Phthaloylcobalt complex 1 was assigned the trigonal-
bipyramidal structure below because the IR and 'H NMR
of the cobalt complex were practically identical with the
corresponding spectra of the analogous phthaloylrhodium
complex of known structure.? Although the phthaloyl-
cobalt complex is coordinatively unsaturated (16 electron)

PPh,
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3

reaction with 3-hexyne to produce 2,3-diethyl-1,4-
naphthoquinone was very slow as indicated by run 1 of
Table I. Since coordination of the alkyne to the cobalt
center is presumed obligatory for subsequent naphtho-
quinone formation, we reasoned that removal of the Cl
ligand with AgBF, in a weakly coordinating solvent would
render the phthaloylcobalt complex more susceptible to-
ward alkyne coordination and thus speed the reaction.
This ploy proved successful;! however, as typified with
3-hexyne in runs 2 and 3 of Table I, the yield of naph-
thoquinone product was rapid and essentially complete
only in the presence of 2 equiv of AgBF,. The use of only
1 equiv of AgBF, resulted in the rapid formation of
50-60% product after which point the rate of product
formation slowed considerably.

To understand this behavior, we treated a slurry of the
red-brown cobalt complex 1 in CH;CN with 1 equiv of
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Table I. Yield (%) of 2,3-Diethyl-1,4-naphthoquinone from Cobalt Complexes at 100 °C¢
run complex solvent lh 3h 5h 10h 24 h 48 h

1 1 CH,CN 1 2 3 4 8 16
2 1 + 1 equiv of AgBF, CH,CN 55 60 64 71 75 75
3 1 + 2 equiv of AgBF, CH,CN 82 89 87 87 88

4 3 CH,CN 39 50 57 65 73 81
5 4 CH,CN. 7 18 24 34 48 58
6 5 CH,Cl, 5 9 11 15 28 45

2 All reactions were conducted in resealable tubes in the presence of 1.5 equiv of 3-hexyne,

Yields were determined by

quantitative gas chromatography with biphenyl as an internal standard. All reactions were 0.1 M in cobalt complex.

AgBF, under N, for 1 h at which time a yellow solution
and white precipitate were present. The white precipitate
proved to be a AgCl-PPh;* and, although no crystalline
material could be obtained from the yellow solution,
evaporation gave an amber glass which showed the
phthaloylcobalt ring intact (»(CO) 1651 cm™) and the
presence of one PPh; and three CH;CN ligands (NMR)

and thus was assigned structure 3 (eq 2). Addition of 1
PPhy PPhy  BR
& AgBFs @ &
>y, e S AN Q)
s —C MaCNIAN) p oo
i PPy 3
+ ASCI-PPh50

equiv of PPh; to an CHCN solution of 3 gave the six-
coordinate cobalt complex 4 in 95% vield as an air-stabile,
gold, solid, mp 226-227 °C. Dissolution of complex 4 in
CH,Cl, produced a red-brown solution which yielded the
five-coordinate complex 5 (red-brown, 95% mp 225-227
°C) after addition of Et,O (eq 3). The trans-diaxial

PPha B PPhy BR"
3 PPh; N CHaCl e 3
= MeCN AN P ’

] & L:N
orientation of the PPh3 ligands in 4 and 5 was inferred
from the 'TH NMR spectra which showed a significant
shielding of the phthaloyl proton absorptions (6 6.9 for 4
and 6 7.1 for 5 in CDCly) as did the parent complex 1 and
its thodium analogue® This upfield shift was attributed
to the trans-diaxial orientation of the PPhy’s which places
the phthaloyl ring in the shielding region of the phosphine
phenyl groups. For five-coordinate compound 5, a
square-base pyramid with the PPh; ligands occupying
trans sites in the basal plane is also a structural possibility,
but we did not pursue this point further.

Reaction of complexes 3, 4 and 5 with 3-hexyne provided
a rationale for the requirement of 2 equiv of AgBF, which
in turn suggested a solution to overcome this difficulty.
Monophosphine complex 3 reacted with 3-hexyne to rap-
idly form 40-50% of product and then the reaction slowed
significantly (run 4, Table I). These results are similar to
run 2, as expected, since complex 3 should be the reactive
cobalt species in that case. In striking contrast, reaction
of six-coordinate bisphosphine complex 4 in acetonitrile
or five-coordinate bisphosphine complex 5 in methylene
chloride was sluggish from the start (runs 5 and 6, Table
I). Since the presence of two phosphine ligands on the
cobalt significantly retarded the rate of formation of
naphthoquinone, we infer that mono PPh; complex 3 re-
leases PPh; to the reaction medium after it reacts to give
product and that this liberated PPh; coordinates to un-

(4) An authentic sample prepared from equimolar quantities of AgCl
and PPh; by dissolution in CH,Cl; and precipitation with Et,0 showed
an identical infrared spectrum.

(5) Hoffman, P. R.; Caulton, K. G. J. Am. Chem. Soc. 1975, 97,
4221-4228.

reacted 3 giving 4 thus slowing product formation after an
initial rapid surge. A fast reaction leading to optimum
yields of naphthoquinone product will be achieved only
if the freed PPh; can be inhibited from coordinating to
unreacted 3 and the ability of the second equivalent of
AgBF, to complex with PPhy meets this requirement.®

Consideration of the structure of complexes 3, 4, and 5
and their rates of reaction with 3-hexyne (runs 4, 5, 6)
suggested that the accessible axial site in mono PPh,
complex 3 (trans to the PPh; and occupied by a weakly
held CH;CN) was responsible for the initial rapid forma-
tion of 2,3-diethyl-1,4-naphthoquinone from this complex.
With this thought and the previous results in mind, we
turned our efforts toward isolating a crystalline cobalt
cation which would react rapidly with alkynes and not be
subject to inhibition by liberated phosphine. If a chelating
ligand could be incorporated into the phthaloylcobalt
cation, we reasoned that (1) it would coordinate axial-
equatorial or equatorial-equatorial and, in either case,
leave an axial site accessible to alkyne and (2) by virtue
of its chelation it would not be prone to be liberated from
cobalt after reaction to give naphthoquinone. In the event,
addition of diphos to an acetonitrile solution of cation 3
followed by addition of Et,0 gave orange crystals of the
diphos-chelated phthaloylcobalt cation 6, 99%, mp
180-181.5 °C (eq 4). The diphos ligand is coordinated

Pha B
@B @)

l \2

<] N 2N

symmetrically with respect to the remainder of the com-
plex (one »(CO) at 1650 cm™, methylene protons of diphos
show a sharp doublet of 15-Hz separation superimposed
on a broad symmetrical base lying mainly to the outside
of the doublet”). Proof that it is chelated and coordinated
axial-equatorial was obtained from 3P NMR which
showed two different kinds of coordinated phosphorus
atoms (+43.11 and +38.35 ppm relative to 85% H,PO,—
free diphos showed one absorption at -14.94 ppm). Of the
three acetonitrile ligands, two are equivalent by 'H NMR
and show up as a singlet at § 1.77 in CD,Cl, near the
absorption of free acetonitrile. The third molecule of
CH,CN absorbs downfield of the other two and shows
coupling (6 2.13 (dd, J = 3, 1 Hz)). These data are con-
sistent with the trigonal-bipyramidal structure 6 in which
the unique CH;CN occupies an axial site and couples to
the cis and trans phosphorus atoms in the !H NMR. The
two identical acetonitriles are presumably solvent of
crystallization or loosely held equatorial ligands, the bulky
equatorial diphenylphosphino group preventing close ap-

D1PHOS
" AN T

'AN MeCN

(6) Mutterties, E. L.; Allegranti, C. W. J. Am. Chem. Soc. 1970, 92,
4114-4115.

(7) The *H NMR of the symmetrical complexes (diphos)M(CO), (M
= Cr, Mo, W) shows the same absorption pattern: Grim, S. O.; Briggs,
W. L.; Barth, R. C.; Tolman, C. A,; Jesson, J. P. Inorg. Chem. 1974, 13,
1095-1099.
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Table II. Optimum Conditions: Naphthoquinones from Cationic Cobalt Complexes 6 and 7°¢
complex alkyne solvent temp, °C  time, h product yield, %
6 3-hexyne CH,CN 80 18 2,3-diethyl-1,4-naphthoquinone 65
6 3-hexyne CH,Cl, 80 1 2,3-diethyl-1,4-naphthoquinone 96
6 3-hexyne CH,Cl, 25 18 2,3-diethyl-1,4-naphthoquinone 85
7 3-hexyne CH,CN 110 5 2,3-diethyl-1,4-naphthoquinone 87
6 1-hexyne CH,CN 80 4 2-n-butyl-1,4-naphthoquinone 98
6 1-hexyne CH,Cl, 80 1 2-n-butyl-1,4-naphthoquinone 96
6 1-hexyne CH,Cl, 25 1 2-n-butyl-1,4-naphthoquinone 93
7 1-hexyne CH,CN 110 3 2-n-butyl-1,4-naphthoquinone 94

@ All reactions were conducted in resealable tubes, 0.1 M in cobalt complex in the presence of 1.5 equiv of alkyne.

Yields

were based on the cobalt complex and were determined by quantitative gas chromatography using biphenyl as an internal

standard.
Table III. Substituted Naphthoquinones?

isolated

alkyne product conditions yield, %
HC=C-n-Bu 2-n-butyl-1,4-naphthoquinone 2h, 80°C 90
EtC=CEt 2,3-diethyl-1,4-naphthoquinone 2h, 80°C 85
Me,SiC=C-n-Bu 2-n-butyl-3-(trimethylsilyl)-1,4-naphthoquinone 4h,80°C 86
MeC=CCH,OEt 2-(ethoxymethyl)-3-methyl-1,4-naphthoquinone 2h, 80°C 63
MeC=CCH(OEt), 2-(diethoxymethyl)-3-methyl-1,4-naphthoquinone 2h, 80°C 51
EtC=C(CH,),OTHP 3-ethyl-2-(2-(tetrahydropyranyloxy)ethyl)-1,4-naphthoquinone 2h, 80°C 73

@ All reactions were conducted in resealable tubes, 0.1 M in cobalt complex 6.

proach of either CH;CN and attainment of six-coordinate
geometry.

In a similar fashion, reaction of monophosphine cobalt
cation 3 with bipyridine gave a greenish yellow complex
7, mp 235-236 °C in 97% yield (eq 5). This complex is

Phs o
+__AN bpy
.’ AN MaCN
3 N
soluble only in polar, coordinating solvents which makes
analysis of the coordination geometry of the weakly held
acetonitrile ligands impossible because of equilibration
with solvent. However, 'H NMR analysis in CD,CN
showed the two pyridine rings of the bipyridine ligand to
be nonequivalent (one of the protons ortho to the nitrogens
of bipyridine was significantly deshielded relative to the
other hydrogens).

Reaction of chelated complexes 6 and 7 with alkynes
supported our earlier hypotheses. Table II lists the results
of reaction of 6 and 7 with both 3-hexyne and 1-hexyne
in CH4CN and/or CH,Cl,. Conditions shown reflect the
time needed to obtain the maximum yield of naphtho-
quinone product at the indicated temperature. Compar-
ison of the various entries shows that diphos compiex 6
is significantly more reactive in CH,Cl, than in CH,CN
and that terminal alkynes react at a much faster rate than
internal alkynes. The insolubility of bipyridine complex
7 in CH,CI, precluded reaction in that solvent.

In our original work describing the synthesis of sub-
stituted naphthoquinones from phthaloylcobalt complex
1, alkynes, and 2 equiv of AgBF,,! we noticed that terminal
alkynes routinely gave diminished yields of product relative
to internal alkynes, trimethylsilyl-substituted alkynes were
sensitive to desilylation, certain alkynes with heteroatom
substituents required greater than 2 equiv of AgBF, for
reasonable yields of product, and some heteroatom-sub-
stituted alkynes gave no naphthoquinone product at all
(propargyl ethers, acetals, etc.). It seemed possible that
all of these difficulties might be attributed to the simul-
taneous presence of Ag* and alkyne in the reaction me-
dium. Therefore, the reaction of cationic diphos cobalt

complex 6 with a variety of functionalized alkynes was
explored (Table III). As is evident from Table III, high

p o

@' S(bpyAN),  (5)
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isolated yields of most naphthoquinones were obtained in
a few hours at 80 °C. 3-Hexyne and 1-hexyne provided
equally high yields of the corresponding naphthoquinones
(entries 1, 2), 1-(trimethylsilyl)-1-hexyne gave 2-n-butyl-
3-(trimethylsilyl)-1,4-naphthoquinone with no evidence of
desilylation (entry 3), and a propargyl ether and acetal gave
good vields of the corresponding naphthoquinones (entries
4, 5). The reaction of the (trimethylsilyl)alkyne with di-
phos complex 6 took slightly longer to reach completion
than the other alkynes (entry 3). Evidently this is a steric
effect, since 2,2-dimethyl-3-pentyne gave only a trace of
naphthoquinone product after prolonged reaction with 6.
This same acetylene gave a 72% yield of 2-tert-butyl-3-
methyl-1,4-naphthoquinone when reacted with phtha-
loylcobalt complex 1 in the presence of 2 equiv of AgBF,},
presumably reflecting the greater steric congestion of
alkyne coordination to 6 vs. 3. For all cases except those
of great steric demand, the diphos cobalt cation 6 appears
to be the complex of choice in this chemistry.

Experimental Section

General Methods. All reactions were carried out under an
atmosphere of dry, prepurified nitrogen. Acetonitrile was purified
by passage through Merck activity 1 alumina, saturated with dry
N, and then stored over 3-A molecular sieves. Diethyl ether was
distilled from sodium-benzophenone under nitrogen. Methylene
chloride was purified by passage through Merck activity I alumina
and then saturated with dry nitrogen. All glassware was flame
dried under a stream of nitrogen. Sealed-tube reactions were
performed in heavy-walled glass reaction tubes sealed with a
two-piece threaded aluminum coupling and an internal Teflon
sealing disk and were purchased from Regis Chemical Co. Melting
points are uncorrected. Infrared spectra were obtained on a
Perkin-Elmer Model 1320 spectrometer, and absorptions are
reported in wavenumbers. 'H NMR spectra were obtained on
a JEOL C60-HL spectrometer and are expressed in parts per
million with Me,Si as an internal standard. 3'P NMR spectra
were taken in the FT mode on a home-built 3.5-T spectrometer
at 60.7 MHz and are expressed in parts per million (8) relative
to 85% H3PO,. Gas-liquid chromatograms were obtained with
a Varian 3700 instrument equipped with a 6 ft X 0.25 in. glass
column packed with 3% OV-101 on 80/100 Chrom W-HP. GLC
yields were calculated from peak areas obtained with a Hew-
lett-Packard 3380S recording integrator using an internal standard.
Preparative scale separations were effected by medium-pressure
column chromatography using Merck Lobar prepacked silica gel
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columns. Elemental analyses were performed by Gailbraith
Laboratories, Knoxville, Tn.

Synthesis of Cobalt Complexes. CoCl(PPh;);. The liter-
ature procedure for the synthesis of CoCl{PPh;),® gave product
of variable purity in inconsistent yields in our hands, so the
following modification was developed. To a vigorously stirred
slurry of CoCly(PPhy), (19 g, 0.03 mol) and PPh, (7.6 g, 0.03 mol)
in dry, degassed CH3CN was added Zn (1.9 g, 0.03 mol) in one
portion. After the solution was stirred under N, at room tem-
perature for 2 h, the blue color of CoCly(PPhg), was replaced with
a bright green solution of CoCl(PPhg);. After addition of 400 mL
of Ny-saturated EtOH/H,0 (1:1) to complete precipitation, the
product was collected by filtration under N, using a Schlenk
apparatus. The resulting solid was washed with 250 mL of ab-
solute EtOH and then slurried under N, with 500 mL of N,
saturated 2N HCI for 1 h. The solid was filtered under N, and
washed with H,0 (250 mL), EtOH (2 X 250 mL), and then dried
at room temperature under a vaccum to yield CoCl(PPh;); (18.7
g, 71%). The product is a bright green solid which is moderately
air-stable and best stored under nitrogen.

CoCl(PPhy),(CsH,0,), 1. Benzocyclobutenedione (10 g, 76
mmol), CoCl{PPh;); (100 g, 114 mmol), and 100 mL of dry,
N,-saturated chlorobenzene were heated with stirring under
nitrogen in an oil bath maintained at 40 °C until the benzo-
cyclobutenedione had disappeared as monitored by TLC (silica
gel, CH,Cl,, ~24 h). After the mixture cooled to room tem-
perature, crude, red-brown 1 was collected by suction filtration
and then washed with a minimum amount of CH3CN to remove
unreacted CoCl(PPhy); followed by washing with hexane. The
product was then dissolved in CH,Cl, and filtered and the CH,Cl,
removed on a rotary evaporator to yield 52.5 g of compound 1:
92%; mp 245-246 °C (dichloroethane-hexane); IR (KBr) »(CO)
1635 cm™, *H NMR (acetone-dg, 270 MHz) 8 7.75-7.45 (m, 12 H),
7.40-7.07 (m, 18 H), 6.82 (dd, J = 5.5, 3.2 Hz, 2 H), 6.65 (dd, J
= 5.5, 3.2 Hz, 2 H). Anal. Caled for CoCH;,CIP,0,: C, 70.34;
H, 4.57; Cl, 4.73. Found: C, 70.10; H, 4.65; Cl, 4.92.

[Co(PPh;)(CH;CN);(CsH,0,)IBF,, 3. Into a flamed round-
bottomed flask under N, was weighed AgBF, (42 mg, 0.22 mmol)
followed by phthaloylcobalt complex 1 (163 mg, 0.22 mmol) and
then 2 mL of CH3CN. The heterogeneous reaction mixture was
stirred at room temperature under N, until the red-brown color
of 1 disappeared, leaving an amber solution and white precipitate
(1 h—larger scale required longer time). The reaction mixture
was filtered under N, with the aid of 3 mL of CH3;CN to leave
226 mg of AgCl-PPh;, identical with an authentic sample.* The
filtrate was evaporated to dryness on a vacuum pump leaving 136
mg of complex 3; 93%; amber glass; IR (CH,CN) »(CO) 1651 cm™;
'H NMR (CD,Cl,) 6 7.55-6.82 (m, 19 H), 2.05 (s, 9 H).

[Co(PPh;),(CH,CN),(CsH,0,)]BF, 4. An acetonitrile solu-
tion of 3 was prepared as described above from AgBF, (219 mg,
1.1 mmol), phthaloylcobalt complex 1 (845 mg, 1.1 mmol), and
8.5 mL of CH;CN. After removal of AgCl-PPh; by filtration under
Ny, PPh; (296 mg, 1.1 mmol) was added to the filtrate and the
reaction was stirred at room temperature for 1 h during which
time the amber color of the solution darkened. The volume of
the solution was then reduced by half on a rotary evaporator
equipped with a nitrogen inlet. Slow, dropwise addition of Et,0
to the CH4CN solution to the point at which the cloudiness just
disappeared on swirling initiated crystallization of 4. Over a period
of 2 h additional Et,0 was added, as above, to complete crys-
tallization. The golden yellow precipitate was collected by suction
filtration to yield 947 mg (95%) of complex 4: mp 226.5-227.5
°C; IR (CH,Cl,) »(CO) 1635 cm™; 'TH NMR (CDCls) 6 7.25 (m,
30 H), 6.87 (m, 4 H), 1.82 (s, 6 H). Anal. Caled for
CoCgHBFN,O,Py: C,65.17; H, 4.56; N, 3.17. Found: C, 64.94;
H, 4.69; N, 3.21.

[Co(PPh,);(CH,CN)(C:H,0,)]BF,, 5. As described above,
an acetonitrile solution of cobalt complex 4 was prepared from
AgBF, (59 mg, 0.30 mmol), phthaloylcobalt complex 1 (226 mg,
0.30 mmol), and PPh, (87 mg, 0.30 mmol). After addition of the
PPh;, the CH;CN was removed on a rotary evaporator. Tritu-
ration of the resulting red-brown solid with Et,O followed by
recrystallization from CH,Cl,/Et,0 gave red-brown cobalt

(8) Aresta, M.; Rossie, M.; Sacco, A. Inorg. Chim. Acta 1969, 3,
227-231.
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coomplex 5: 240 mg, 94%; mp 225-226.5 °C; IR(CH,CL,) »(CO)
1645 cm™; 'H NMR (CDCl;) 6 7.82-7.22 (m, 30 H), 7.1 (m, 4 H),
1.65 (s, 3 H). Anal. Calcd for CoCHy,BF NO,P,: C, 65.50; H,
4.42; N, 1.66. Found: C, 65.25; H, 4.52; N, 1.53.

[Co(diphos)(CH,CN)3(C;H,0,)IBF,, 6. To a solution of
cobalt complex 3 prepared as described above from AgBF, (1.132
g, 5.81 mmol), cobalt complex 1 (4.372 g, 5.81 mmol), and 58 mL
of CH;CN was added bis(1,2-diphenylphosphino)ethane (2.315
g, 5.81 mmol), and the reaction was stirred at room temperature
under N, for 1 h. The CH;CN was removed on a rotary evapo-
rator, and the residue was dissolved in a minimum amount of hot
CH,CN. Et,0 was added dropwise until the cloudiness just
disappeared on swirling at which point the solution was allowed
to stand until crystalization began. Once crystallization began,
it was completed by addition of more Et,O as described above
until no more solid formed. The orange product was collected
by filtration to yield 4.423 g of 6: 95%; mp 180-181.5 °C; IR
(CH,Cly) »(CO) 1650 cm™; 'H NMR (CD,Cl,) 6 7.60-6.90 (m, 24
H), 3.47-2.57 (m, 4 H), 2.13 (dd, J = 3, 1 Hz, 3 H), 1.77 (s, 6 H);
3P NMR (CH,Cl,) two broad absorptions at +43.1 and +38.35
ppm relative to 856% HyPO,. Anal. Caled for CoCHyBF N;O,Ps:
C, 60.09; H, 4.67; N, 5.26. Found: C, 60.29, H, 4.72; N, 5.25.

[Co(bpy)(CH;CN,)(C:H,0,)IBF,, 7. To a solution of cobalt
complex 3 prepared as described above from AgBF, (243 mg, 1.25
mmol), cobalt complex 1 (939 mg, 1.25 mmol), and 12.5 mL of
CH;CN was added bipyridine (bpy; 195 mg, 1.25 mmol). After
the solution was stirred at room temperature under N, for 1 h,
the CH,CN was removed on a rotary evaporator. The resulting
solid was dissolved in a minimum amount of hot CH;CN and Et,0
was allowed to slowly diffuse into the CH3CN solution. Filtration
gave greenish yellow crystals of 7: 578 mg, 97%; mp 235-236 °C;
IR (CH4CN) »(CO) 1660 cm™’; '"H NMR (CD4,CN) 6 8.9 (d, J =
5 Hz with smaller couplings, 1 H), 8.55-7.35 (m, 10 H), 7.35-6.95
(m, 1 H). Anal. Calcd for CoCyH sBF,N,O,: C, 51.19; H, 3.52;
N, 10.85. Found: C, 51.02; H, 3.57; N, 10.59.

General Procedure for Reactions in Tables I and II. All
reactions were conducted under N, in sealed tubes charged with
0.1 mmol of the appropriate cobalt complex, 0.15 mmol of 1-
hexyne or 3-hexyne, AgBF, where indicated (Table I, runs 2 and
3), 1 mL of CH3CN or CH,Cl,, 0.1 mmol of biphenyl as an internal
standard, and a small magnetic stirring bar. After the tubes were
sealed, the reaction tube was placed in an oil bath maintained
at the indicated temperature and vigorously stirred. At the
indicated times, GC samples were removed after the reaction vessel
had been cooled to 0 °C. Yields were calculated from peak areas
using internal standard techniques.

Synthesis of Naphthoquinones in Table II1. 2-n-Butyl-
1,4-naphthoquinone. Cobalt complex 6 (320 mg, 0.4 mmol),
1-hexyne (49 mg, 0.6 mmol), and 4 mL of CH,Cl, were stirred
under N, in a sealed tube for 2 h in an oil bath maintained at
80 °C. After being cooled, the reaction vessel was opened and
the reaction mixture transferred to a separatory funnel with the
aid of 25 mL of CH,Cl,. The organic layer was washed with 50
mL of 1.2 N HC], dried (Na,S0,), filtered, and condensed to a
small volume. The crude product was filtered through a short
plug of silica gel (5 in. X 1 in.) and then chromatographed by
medium-pressure liquid chromatography (3:2 hexane-CH,Cl,) to
yield 77 mg (90%) of 2-n-butyl-1,4-naphthoquinone identical with
an authentic sample.!

2,3-Diethyl-1,4-naphthoquinone was prepared as described
above from cobalt complex 6 (500 mg, 0.62 mmol), 3-hexyne (77
mg, 0.94 mmol), and 6 mL of CH,C], at 80 °C for 2 h, yielding
114 mg (85%) of 2,3-diethyl-1,4-naphthoquinone identical with
an authentic sample.!

2-n-Butyl-3-(trimethylsilyl)-1,4-naphthoquinone was
prepared as described above from cobalt complex 6 (224 mg, 0.28
mmol), 1-(trimethylsilyl)-1-hexyne (65 mg, 0.42 mmol), and 3 mL
of CH,Cl, for 4 h at 80 °C yielding 69 mg (86%) of 2-n-butyl-
3-(trimethylsilyl)-1,4-naphthoquinone identical with an authentic
sample.!

2-(Ethoxymethyl)-3-methyl-1,4-naphthoquinone was pre-
pared as described above from cobalt complex 6 (400 mg, 0.50
mmol), ethyl 2-propynyl ether (59 mg, 0.60 mmol), and 5 mL of
CH,Cl, for 2 h at 80 °C. During the workup the CH,Cl; layer
was washed with saturated NaHCOj; rather than dilute HCI, and
then the usual procedure was followed. Medium-pressure chro-
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matography (4:1 hexane-Et,0) gave 72 mg (63%) of 2-(ethoxy-
methyl)-3-methyl-1,4-naphthoquinone: yellow solid; mp 61-62
°C (petroleum ether); IR (CH,Cl) »(CO) 1660 cm™; ‘H NMR
(CDCly) 6 8.02 (m, 2 H), 7.63 (m, 2 H), 4.48 (s, 2 H), 3.55 (q, J
=17 Hz, 2 H), 2.25 (s, 3 H), 1.20 (t,J = 7 Hz, 3 H). Anal. Calcd
for C,,H,,05: C, 73.02; H, 6.13. Found: C, 72.81; H, 6.19.
2-(Diethoxymethyl)-3-methyl-1,4-naphthoquinone was
prepared as described above from cobalt complex 6 (400 mg, 0.05
mmol), 1, 1-diethoxy-2-butyne (106 mg, 0.75 mmol), and 5 mL
of CH,Cl, for 2 h at 80 °C with the saturated NaHCO; wash in
the workup. Medium-pressure chromatography (3:2 hexane-Et,0)
gave 2-(diethoxymethyl)-3-methyl-1,4-naphthoquinone (70 mg,
51%) as a yellow solid: mp 44-45 °C (cold petroleum ether); IR
(CH,Cly) »(CO) 1660 cm™'; 'H NMR (CDCl;) 4 8.00 (m, 2 H), 7.60
(m, 2 H), 5.88 (s, 1 H), 3.77 and 3.63 (overlapping quartets, J =
7 Hz, 4 H), 2.38 (s, 3 H), 1.23 (t, J = 7 Hz, 6 H). Anal. Calcd
for C,¢H,;30, C, 70.05; H, 6.61. Found: C, 70.28; H, 6.75.
3-Ethyl-2-(2-(tetrahydropyranyloxy)ethyl)-1,4-naphtho-
quinone was prepared as described above from cobalt complex
6 (400 mg, 0.50 mmol), 1-hydroxy-3-hexynyl tetrahydropyranyl
ether (101 mg, 0.60 mmol), and 5 mL of CH,Cl, for 2 h at 80 °C
with the saturated NaHCO; wash in the workup. Medium-
pressure chromatography (3:2 hexane-Et,0) gave 110 mg (73%)

of 3-ethyl-2-(2-(tetrahydropyranyloxy)ethyl)-1,4-naphthoquinone
as a yellow solid: mp 70.5-71 °C (petroleum ether); IR(CH,Cl,)
»(CO) 1655 cm™!; TH NMR (CDCly) 6 7.97 (m, 2 H), 7.58 (m, 2
H), 4.57 (br s, 1 H), 3.67 (m, 4 H), 2.97 (t,J =7 Hz, 2 H), 2.23
(s, 3 H), 1.60 (m, 6 H). Anal. Caled for C;gHyO4 C, 71.98; H,
6.71. Found: C, 71.85; H, 6.86.
na
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Tetrakis(triphenylphosphine)palladium can catalyze the carbonylation of benzylic halides to carboxylic
acids using 5 N NaOH and CH,Cl, at room temperature and 1 atm of pressure. Although the presence
of tetrahexylammonium hydrogen sulfate (a phase-transfer catalyst) improves the product yield, it is not
necessary to use a quarternary ammonium salt in these reactions. Reduction (and coupling) of halides
occurs by using bis(dibenzylideneacetone)palladium as the catalyst under phase-transfer conditions (no
reaction takes place in the absence of the phase-transfer catalyst). Esters were obtained by the phase transfer
catalyzed carbonylation of halides in the presence of Pd(diphos), [diphos = 1,2-bis(diphenyl-
phosphino)ethane] while acids were the principal products formed in the absence of the quarternary

ammonium salt.

During the past five years, there have been a consider-
able number of applications of phase-transfer catalysis to
stoichiometric and catalytic organometallic reactions.? Of
particular importance are reactions involving cobalt car-
bonyl as the organometallic species [e.g., 1 — 2 and 8].2

5 N NaOH .
n=CigHzaNICHa)x " Br™
<:>== + CoCOly + CHiI + CO ——C 838~
| atm
1
OH

COCHy
OH

(1) E.W.R. Steacie Fellow, 1980-1982.
(2) Alper, H. Adv. Organomet. Chem. 1981, 19, 183.

Few examples are known involving the use of palladi-
um(0) compounds as catalysts in phase-transfer processes.
The tetrakis(triphenylphosphine)palladium(0)-catalyzed
cyanation of vinyl halides (4 — 5) can be attained in ex-

2 3 2 3
R R Pd(PPhy)g R R
5! = X + KCN s g p = N
7C-100 °C
4 2-15h 5

cellent yields using crown ether catalysis. However, quite
drastic conditions are required.* The use of rather severe
conditions [95 °C (5 atm)] has also been reported for the
carbonylation of halides by palladium catalysts.® Although
bis(triphenylphosphine)palladium dichloride (with added
triphenylphosphine) was employed as the catalyst, Cassar
and co-workers® assumed that tetrakis(triphenyl-

(3) Gambarotta, S.; Alper, H. J. Org. Chem. 1981, 46, 2142 and ref-
erences cited therein.

(4) Yamamura, K.; Murahashi, S. I. Tetrahedron Lett. 1977, 4429.

(5) Cassar, L.; Foda, M.; Gardano, A. J. Organomet. Chem. 1976, 121,
C55.
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of CH,Cl, for 2 h at 80 °C with the saturated NaHCO; wash in
the workup. Medium-pressure chromatography (3:2 hexane-Et,0)
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quinone was prepared as described above from cobalt complex
6 (400 mg, 0.50 mmol), 1-hydroxy-3-hexynyl tetrahydropyranyl
ether (101 mg, 0.60 mmol), and 5 mL of CH,Cl, for 2 h at 80 °C
with the saturated NaHCO; wash in the workup. Medium-
pressure chromatography (3:2 hexane-Et,0) gave 110 mg (73%)

of 3-ethyl-2-(2-(tetrahydropyranyloxy)ethyl)-1,4-naphthoquinone
as a yellow solid: mp 70.5-71 °C (petroleum ether); IR(CH,Cl,)
»(CO) 1655 cm™!; TH NMR (CDCly) 6 7.97 (m, 2 H), 7.58 (m, 2
H), 4.57 (br s, 1 H), 3.67 (m, 4 H), 2.97 (t,J =7 Hz, 2 H), 2.23
(s, 3 H), 1.60 (m, 6 H). Anal. Caled for C;gHyO4 C, 71.98; H,
6.71. Found: C, 71.85; H, 6.86.
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Tetrakis(triphenylphosphine)palladium can catalyze the carbonylation of benzylic halides to carboxylic
acids using 5 N NaOH and CH,Cl, at room temperature and 1 atm of pressure. Although the presence
of tetrahexylammonium hydrogen sulfate (a phase-transfer catalyst) improves the product yield, it is not
necessary to use a quarternary ammonium salt in these reactions. Reduction (and coupling) of halides
occurs by using bis(dibenzylideneacetone)palladium as the catalyst under phase-transfer conditions (no
reaction takes place in the absence of the phase-transfer catalyst). Esters were obtained by the phase transfer
catalyzed carbonylation of halides in the presence of Pd(diphos), [diphos = 1,2-bis(diphenyl-
phosphino)ethane] while acids were the principal products formed in the absence of the quarternary

ammonium salt.

During the past five years, there have been a consider-
able number of applications of phase-transfer catalysis to
stoichiometric and catalytic organometallic reactions.? Of
particular importance are reactions involving cobalt car-
bonyl as the organometallic species [e.g., 1 — 2 and 8].2

5 N NaOH .
n=CigHzaNICHa)x " Br™
<:>== + CoCOly + CHiI + CO ——C 838~
| atm
1
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(1) E.W.R. Steacie Fellow, 1980-1982.
(2) Alper, H. Adv. Organomet. Chem. 1981, 19, 183.

Few examples are known involving the use of palladi-
um(0) compounds as catalysts in phase-transfer processes.
The tetrakis(triphenylphosphine)palladium(0)-catalyzed
cyanation of vinyl halides (4 — 5) can be attained in ex-

2 3 2 3
R R Pd(PPhy)g R R
5! = X + KCN s g p = N
7C-100 °C
4 2-15h 5

cellent yields using crown ether catalysis. However, quite
drastic conditions are required.* The use of rather severe
conditions [95 °C (5 atm)] has also been reported for the
carbonylation of halides by palladium catalysts.® Although
bis(triphenylphosphine)palladium dichloride (with added
triphenylphosphine) was employed as the catalyst, Cassar
and co-workers® assumed that tetrakis(triphenyl-

(3) Gambarotta, S.; Alper, H. J. Org. Chem. 1981, 46, 2142 and ref-
erences cited therein.

(4) Yamamura, K.; Murahashi, S. I. Tetrahedron Lett. 1977, 4429.

(5) Cassar, L.; Foda, M.; Gardano, A. J. Organomet. Chem. 1976, 121,
C55.
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Table I. Products Obtained from the Pd(0)-Catalyzed Carbonylation of 6
H a
6 organic vield,® %
Ar=; X = PdL, (C.H,,),N*HSO phase 7 8 9 10
2-naphthyl; Br Pd(PPh,), yes CH,Cl, 63 4 1-2
Pd(PPh,), yes C.H, 84
Pd(PPh,), no C.H, 73
Pd(dba), yes C.H, 2 66
Pd(dba), yes CH,Cl1,? 56 15
Pd(dba), yes CH,Cl,¢ 95
Pd(diphos), yes CH,Cl, 24 65
Pd(diphos), no CH,Cl,4 85 8
Ph; Br Pd(PPh,), yes CH,Cl, 84
Pd(PPh,), no CH,Cl,¢ 57
Pd(dba), yes C.H, 48
p-CH,C.H,; Br Pd(dba), yes CH,Cl, 72
Pd(dba), no CH.CL,/
Pd(diphos}), yes CH,Cl,¢ 54
Pd(diphos), no CH,Cl, 74 16
0-CH,C H,; Br Pd(PPh,), yes CH,Cl,% 58 19
Pd(dba), yes CH,Cl, 32 42
Pd(diphos), yes CH,Cl, 84h
Pd(diphos), no CH,Cl, 62
0-CH,C H,; Cl Pd(dba), yes CH,CI, 50
Pd(diphos), yes CH,Cl, 75
Pd(diphos), no CH,Cl, 72
p-FC H,; Br Pd(PPh,), yes CH,Cl, 79
Pd(dba), yes CH.Cl, 63
Pd(diphos), yes CH,C1,f

2 Yields are of pure g)roducts. Products were identified by comparison of spectral data (IR, NMR, MS) with those of
authentic materials, 2-Naphthalenemethanol was also formed in 10% yield. ¢ A 1:1 CO/H, atmosphere was used. ¢ An
unidentified byproduct was also formed with MS (m/e 354). It may be the a-keto ester related to 10. ¢ 40-42% starting
material was recovered. ’ No reaction. # (0-CH,C,H,CH,),CO was obtained in 12% yield. " New compound: IR
(CHCl,) vcp 1735 ecm™; 'H NMR (CDCl,) 6 2.20 (s, 6 H, methyls), 3.53 (s, 2 H, CH,CO), 5.02 (s, 2 H, OCH,), 7.05 (brs, 8
H, aromatic protons); MS m/e 254 [M]*. Anal. Caled for C,H,,0,: C, 80.28;H, 7.13. Found: C, 80.22; H, 7.35.

phosphine)palladium(0) was the true catalytic species in
these reactions (eq 1 of ref 5).

Some significant ligand effects were recently observed
in the palladium(0)-catalyzed carbonylation of azirines to
B-lactams or vinyl isocyanates (nonphase-transfer reac-
tions).6 It seemed of interest to learn whether the ligands,
attached to the metal, would have any influence on a
palladium complex catalyzed phase-transfer process. We
now wish to report that the palladium(0)-catalyzed car-
bonylation of benzylic halides is very sensitive to the nature
of the ligands attached to the metal, with the occurrence
of selective carbonylation, carbalkoxylation, and dehalo-
genation.

Initially, we repeated the work by Cassar et al.® using
tetrakis(triphenylphosphine)palladium(0) as the metal
catalyst and tetrahexylammonium hydrogen sulfate as the
phase-transfer agent and made several unexpected find-
ings. First, the carbonylation in fact occurs under very
mild conditions [room temperature (1 atm)]. Second, it
is not necessary to add triphenylphosphine. Third, and
most striking, is the observation that the carbonylation
reaction is not an authentic phase-transfer process. If, for
example, 2-(bromomethyl)naphthalene (6, Ar = 2-

L’I
CH,Cl (or CgHg)
5 N NaOH
(CeHy5)N*HSO,"
Ar(s;Ha + ArCH%)CHZAr + ArCHQC(———l-(?)OCHzAr

naphthyl, X = Br) is used as the organic substrate, the
yield (Table I) of (2-naphthyl)acetic acid (7, Ar = 2-
naphthyl) is nearly as high (73% vs. 84%) in the absence
as in the presence of the phase-transfer catalyst. In ad-

ArCH,X + CO ArCH,COOH +
6 7

(6) Alper, H.; Perera, C. P. Organometallics 1982, 1, 70.

dition, while phenyl acetic acid (7, Ar = Ph) was obtained
from benzyl bromide in 57% yield in the absence of a
phase-transfer catalyst, the presence of the quarternary
ammonium salt afforded the product acid in 84% yield.
The results demonstrate that this carbonylation reaction
is a two-phase process which does not require a phase-
transfer catalyst, although the presence of such a catalyst
does improve the yield.

If one uses a palladium catalyst containing a bidentate
acceptor ligand, bis(dibenzylideneacetone)palladium(0)
[i.e., Pd(dba),], instead of the monodentate donor ligand,
triphenylphosphine, then little or no carbonylation of 6
was observed but rather the dehalogenated hydrocarbons
(8, 9) were formed. This is a true phase-transfer reaction
since starting material was recovered when the Pd-
(dba),-catalyzed carbonylation was effected in the absence
of the phase-transfer agent. The isolation of 8 and 9 in
these reactions is suggestive of the participation of free-
radical intermediates in this phase-transfer process. Free
radicals may be involved in the cobalt carbonyl catalyzed
carbonylation of certain phase-transfer catalysts? and of
halides by irradiation.? It should also be noted that the
yields of reduced products can be increased substantially
by using a syngas (i.e., 1:1 Co/H,) instead of a carbon
monoxide atmosphere for the Pd(dba),-catalyzed reactions.

The use as catalyst of Pd(diphos), {where diphos = 1,
2-bis(diphenylphosphino)ethane], which contains a bi-
dentate donor ligand, results in a third and rather unusual
reaction pathway—carbalkoxylation. The ester 10 was the
major or only product obtained when 6, Ar = 2-naphthyl,
p-CH3CgH,, and 0-CH;C¢H, and X = Br, and 6, Ar =
0-CH;CgH, and X = Cl, were used as the organic reactants.

(7) Gambarotta, S.; Alper, H. J. Organomet. Chem. 1980, 194, C19.
(8) Brunet, J. J.; Sidot, C.; Caubere, P. Tetrahedron Lett. 1981, 22,
1013.
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Scheme I
¢}
ArCH,X il ArCH,PA(PPhy),X 2o ArCH,CPA(PPhy) X e
6 11 12
ArCH,COOH
7

Remarkably, the carboxylic acid 7 was the major product
obtained when the carbonylation reaction was run in the
absence of the phase-transfer catalyst. In other words,
Pd(PPhj), and Pd(diphos), behave in a similar manner
using biphasic but not phase-transfer conditions.

The mechanistic scheme given by Cassar and co-work-
ers® for the tetrakis(triphenylphosphine)palladium(0)-
catalyzed carbonylation of halides involves the alkyl- and
acylpalladium complexes, 11 and 12, respectively, as in-
termediates (Scheme I). The principal function of the
two-phase medium is the hydroxide ion cleavage of 12 at
the interface to give 7 which, once formed, is transferred
to the aqueous phase. This scheme, while reasonable,
cannot account for the results described herein.

An alternative pathway, which merits consideration,
involves the participation of hydroxide ion in the initial
stages of the process (Scheme II). Hydroxide ion dis-
placement of one of the phosphine ligands of Pd(PPh,),
would give 13. For Pd(dba), and Pd(diphos),, one of the
bidentate ligands would become monodentate. Complex
13 can then react with halide to give 14 which on carbo-
nylation (15) and hydroxide ion cleavage of the palladi-
um-carbon bond (or reductive elimination from 15) would
afford the acid 7.

The ester 10 may result by reductive elimination of 14
to the benzylic alcohol (16), deprotonation to 17, and re-
action of the latter with 15 (13 being regenerated as a
byproduct). The difference in behavior of Pd(PPh;), and
Pd(diphos), may be a consequence of the ease of reductive
elimination of 14 to 16, with the conformationally more
rigid bidentate diphos ligand facilitating the elimination
process.

In addition to the ionic reaction of 13 with a halide,
single electron transfer is also possible. It is conceivable
that such a process would become important when an
acceptor ligand such as dba is present. In that case, the
benzylic radical 18 is formed along with the palladium
radical 19. Dimerization of 18 would afford the hydro-
carbon 9, while 8 would be formed on hydrogen abstraction
from water. The latter process, applied to 19, would give
the palladium hydride (20) which, on reductive elimination
of water, regenerates the palladium(0) catalyst.

How can one rationalize the different reaction pathways
observed by using Pd(diphos), as a catalyst under two-
phase (acid) and phase-transfer catalysis (ester) condi-
tions? With use of phase-transfer catalysis, the quarter-
nary ammonium hydroxide in the organic phase de-
protonates the benzylic alcohol (16), giving 17 which, as
already noted, reacts with 15 to give the ester. In the
two-phase process, however, any benzylic alcohol formed
would migrate to the basic aqueous phase and the subse-
quently formed alkoxide anion (17) cannot compete with
hydroxide ion for the acylpalladium intermediate (15).

Could the benzylic alcohol 16 simply arise from hy-
droxide ion displacement of halide ion from the substrate
(6)? When 6, Ar = 2-naphthyl and X = Br, was reacted
with carbon monoxide, aqueous sodium hydroxide, CH,Cl,,
and the phase transfer agent [but no Pd(diphos),], the
alcohol 16, Ar = 2-naphthyl, was obtained in 15% yield
with the remainder being recovered starting material.
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Scheme II
RN'X™ 4+ OH™ —= R,N'OH™ + X~ aqueous
H
RyNTOH™ + Pd, — RN*PL -~ organic

13, x =1 for PPh,
x =1, for dba,

. ArCH,X
diphos RINX"
H
ArCHZPdL ~
ArCHoX [ -RgN*X~
ArCHZOH
J'J"’OH
ArCHLCHAr =— ArCH,* + °*PdL,., ArCHZCOPdL ArCH,0 RNY
9 18 OH OH 17
19 15
HL
leo R,,_N*OH'L
ArCHy  HPdL,.,  ArCH,COOH  ArCH,COOCHAr
8 7 10
20 *
l 13
PdL, + H,0

Clearly, since 10 is formed in good yield, the Pd(diphos),
catalyst must participate in the formation of the alcohol
16.

Finally, it was of interest to examine the palladium-
catalyzed carbonylation of a secondary halide. When
a-phenethyl bromide (21) was exposed to carbon monoxide

Pd(PPh3),
PCHCHs + CO gz, PRCHCOOH + PhCHCOOCHPh
5 N NaOH
Br (CeHymlaN*HS0,” CHg CHy  CHg
21 22 23

by using Pd(PPhg), as the metal catalyst, 2-phenyl-
propionic acid (22) was obtained in 36% yield and the ester
(23) was formed in 19% yield. The isolation of appreciable
amounts of the ester may be a result of the greater effective
bulk of the phenethyl group as compared to that of the
benzyl group. This steric effect compensates for the
previously noted difference between Pd(diphos), and Pd-
(PPhy),. Note that 21 is unreactive when Pd(diphos), is
used as the catalyst.

In conclusion, the ligands attached to the metal have an
important influence on the course of the palladium(0)-
catalyzed carbonylation of benzylic halides using phase-
transfer catalysis. Furthermore, the phase-transfer catalyst
may [Pd(dba),, Pd(diphos);] or may not [Pd(PPh,),] play
a vital role in these reactions. A particularly novel feature
of the Pd(diphos), catalyzed reaction is the change in
reaction pathway (carbonylation vs. carbalkoxylation)
depending on whether one uses a phase-transfer catalyst.

Experimental Section

Elemental analyses were carried out by Canadian Microana-
Iytical Service, Vancouver, Canada. Mass spectra were determined
on an AEI MS902 spectrometer. Infrared spectral determinations
were made with a Unicam SP-110 spectrometer, equipped with
a calibration standard. Proton magnetic resonance spectra were
recorded on Varian T60 and HA100 spectrometers, and carbon
magnetic resonance spectral determinations were made in the fully
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and partially decoupled modes with a Varian FT-80 spectrometer.

Tetrakis(triphenylphosphine)palladium(0) was prepared fol-
lowing the procedure of Coulson,” and bis(dibenzylidene-
acetone)palladium(0)!° and the Pd(diphos), catalyst!! were syn-
thesized by using literature procedures. The organic reactants
were commercial reagents. Solvents were dried and purified by
standard methods.

General Procedure for the Palladium(0) and Phase
Transfer Catalyzed Carbonylation of Halides. A mixture of
tetrahexylammonium hydrogensulfate (0.11 mmol) in 5§ N NaOH
(15 mL) and the palladium catalyst [0.05 mmol, except Pd(dba),
where 0.20 mmol is used] in 15 mL of methylene chloride (or
benzene) was stirred under a carbon monoxide atmosphere at room
temperature. Then the halide (4.5~5.0 mmol) in methylene
chloride (3-5 mL) was added, drop-by-drop, and after addition
was complete, the reaction mixture was stirred for 6-10 h (followed
by thin-layer chromatography). The layers were separated, and
the acid 7 was obtained from the aqueous layer by acidification
(pH 3) of the latter (followed by extraction if necessary). The

(9) Coulson, D. R. Inorg. Synth. 1972, 13, 121.

(10) Takahashi, Y.; Ito, Ts.; Sakai, S.; Ishii, Y. J. Chem. Soc., Chem.
Commun. 1970, 1065.

(11) Chatt, J.; Hart, F. A.; Watson, H. R. J. Chem. Soc. 1962, 2537.

organic layer was washed with water, dried (MgS80,), and con-
centrated. Pure 8-10 were obtained by chromatography of the
crude product(s) on silica gel.

Reactions effected in the absence of the phase-transfer agent
or the palladium catalyst were run following the general procedure,
except without the noted species. 23 is a new compound: 'H NMR
(CDCly) 6 1.50 (m, 6 H, methyls), 3.71 (q, 1 H, J = 7 Hz,
PhCHCO), 5.83 (q, 1 H, J = 7 Hz, OCHPh), 7.10 (m, 10 H,
aromatic protons); MS m/e 254 [M]*. Anal. Calcd for C,,H;0x:
C, 80.28; H, 7.13. Found: C, 79.69; H, 7.46.
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By reaction of the triethylphosphine—carbon disulfide adduct Et,P-CS,, Z, with group 6B metal carbonyls
or isoelectronic iron and manganese carbonyl derivatives, the monomeric [M(CO);Z] (M = Cr, Mo, W),
[Mn(%-CsH;)(CO),Z], and [Fe(n*-CsH;)(CO),Z]BPh, and the dimeric [Mo(CO),(PEt;)Z], complexes have
been prepared. The X-ray structure determinations of [Cr(CO);(S;CPEt3)] (1) and [Mo(CO}(PEty) (u-
S,CPEts)], (6) have been carried out from counter diffraction data. Crystal data for 1 are as follows: space
group P2,/a,a = 13.631 (7) A, b = 12.311 (6) A, ¢ = 11.037 (6) A, 8 = 100.76 (4) °, and Z = 4. Crystal
data for 6 are as follows: space group Pbca, a = 14.132 (5) A, b = 23.693 (9) A, ¢ = 12.667 (4) A, and Z
= 4. Both structures were solved by the heavy-atom method and refined by full-matrix least-squares
techniques to R values of 0.057 and 0.056, respectively. The mononuclear complex 1 exhibits slightly distorted
octahedral geometry with the Z molecule linked to the chromium atom by one sulfur atom as a two-electron
o donor. In the dimeric complex 6 each zwitterion coordinates to one metal through a 73-S,C-delocalized
linkage as a four-electron pseudoallylic ligand and to the other metal through one sulfur atom as a
two-electron o donor. The coordination around each metal atom completed by two carbonyl groups and
one phosphine may be considered pseudooctahedral. The mechanism for the formation of the dinuclear
compound is proposed and discussed.

Introduction
The reactivity of the triethylphosphine—carbon disulfide
adduct Et;P-CS,, Z, toward metal-ligand moieties formed
by transition-metal cations and poly (tertiary phosphines)
has been recently investigated in this laboratory. In
5
C—PEty  Z

4
s

particular, several mononuclear complexes have been de-
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scribed.l? These complexes contain as ligands either Z
coordinated to the metal via both sulfur atoms or different
groups deriving from Z. The carbon atom of the CS, group,
in fact, can be attacked by a variety of nucleophiles to give
different disulfido ligands such as S,C0?", 8,CS%, S,CH",
and S,C(H)PEt;". Furthermore, the P-CS, bond can be
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and partially decoupled modes with a Varian FT-80 spectrometer.

Tetrakis(triphenylphosphine)palladium(0) was prepared fol-
lowing the procedure of Coulson,” and bis(dibenzylidene-
acetone)palladium(0)!° and the Pd(diphos), catalyst!! were syn-
thesized by using literature procedures. The organic reactants
were commercial reagents. Solvents were dried and purified by
standard methods.

General Procedure for the Palladium(0) and Phase
Transfer Catalyzed Carbonylation of Halides. A mixture of
tetrahexylammonium hydrogensulfate (0.11 mmol) in 5§ N NaOH
(15 mL) and the palladium catalyst [0.05 mmol, except Pd(dba),
where 0.20 mmol is used] in 15 mL of methylene chloride (or
benzene) was stirred under a carbon monoxide atmosphere at room
temperature. Then the halide (4.5~5.0 mmol) in methylene
chloride (3-5 mL) was added, drop-by-drop, and after addition
was complete, the reaction mixture was stirred for 6-10 h (followed
by thin-layer chromatography). The layers were separated, and
the acid 7 was obtained from the aqueous layer by acidification
(pH 3) of the latter (followed by extraction if necessary). The
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cleaved by simple heating to give CS, and PEt;.

The zwitterion Et;P-CS, has indeed nucleophilic char-
acter, undergoing reaction with a variety of electrophiles
such as alkyl halides® or M(phosphines) moieties.

In this finding Z could be usefully employed to mimic
the chemical properties of metal-activated carbon disulfide.
CS,-metal complexes of type I and II are, in fact, highly
activated toward electrophilic reagents displacing the
halide ion from alkyl halides or weakly bound ligands from
other organometallic derivatives.*5

With the aim to get more information about the re-
activity of Z toward electrophilic groups a systematic work
of synthesis and characterization has been carried out.
This involves reactions with a variety of carbonyls deriv-
atives and in particular with those containing weakly
bound ligands.

We have succeeded in preparing the mononuclear com-
pounds [M(CO)s(S,CPEt;)J(M = Cr, 1; Mo, 2; W, 3),
[Mn(’f]5'C5H5)(CO)Q(SgCPEts)], 4, and [Fe(n5-C5H5)-
(CO),(S,CPEt;)]BPh,, 5, and the dinuclear compound
[Mo(CO)4(PEtg)(u-S,CPEts)1,, 6.

All the compounds have been characterized and their
physical properties studied by the usual methods.

Complete X-ray structure determinations have been
performed for compounds 1 and 6.

A preliminary account of part of this work has already
been published.®

Experimental Section

[Fe(n®-CsHs}(CO)o(THF)]BF,” and Et,P-CS,® were synthetized
according to literature procedures. Cr(CO)g, Mo(CO)g, W(CO),,
[Mn(5-CsHg)(CO),], and [Mo(C;Hg)(CO);] were purchased from
Strem Chemicals Inc., Dauvers, Mass., and were used without
further purification. ' All other chemicals employed were of reagent
grade quality. Ethanol was dried over molecular sieves. All other
solvents were dried and distilled under a nitrogen atmosphere
from an appropriate drying agent. All operations were performed
under a nitrogen atmosphere and with oxygen-free solvents. The
solid complexes were collected on a sintered-glass frit and dried
in a stream of nitrogen.

Infrared spectra were recorded on a Perkin-Elmer 283 spec-
trophotometer while the 3'P NMR spectra were obtained on a
Varian CFT 20 spectrometer. Chemical shifts are downfield (+)
from external H;PO,. Conductivity measurements were recorded
by using a previously described method.?

Syntheses. [M(CO)s(S,CPEt;)] (M = Cr (1), Mo (2), W (3)).
A solution of [M(CO);(THF)] formed by UV irradiation'? of the
corresponding hexacarbonyl complex (0.22, 0.26, and 0.35 g, 1
mmol) in THF (40 mL) was added to a stirred suspension of
Et;P-CS, (0.20 g, 1 mmol) in THF (10 mL) cooled to =10 °C. The
reaction mixture was allowed to warm to room temperature and
the THF removed under reduced pressure. The red residue was
dissolved in CH,Cl, (10 mL), and red crystals were separated by

(8) Jensen, K. A.; Nielsen, P. H. Acta Chem. Scand. 1968, 17, 547.

(4) (a) Bianchini, C.; Mealli, C.; Meli, A.; Orlandini, A.; Sacconi, L.
Inorg. Chem. 1980, 19, 2968. (b) Fachinetti, G.; Floriani, C.; Chiesi-Villa,
A.; Guastini, C. J. Chem. Soc., Dalton Trans. 1979, 1612.

(5) (a) Ellis, J. E.; Fennell, R. W.; Flom, E. A. Inorg. Chem. 1976, 15,
2031. (b) Fehlammer, W. P.; Mayr, A.; Stolzenberg, H. Angew. Chem.,
Int. Ed. Engl. 1979, 18, 626.

(6) Bianchini, C.; Ghilardi, C. A.; Meli, A.; Midollini, S.; Orlandini, A.
J. Organomet. Chem. 1981, 219, C13.

(7) Reger, D. L.; Coleman, C. J. Organomet. Chem. 1977, 131, 153.

(8) Hofmann, A. W. Justus Liebigs Ann. Chem., Suppl. 1861, 1, 1.

(9) Sacconi, L.; Bertini, I.; Mani, F. Inorg. Chem. 1968, 7, 1417,

(10) Fisher, E. O.; Herberhold, M. Experientia, Suppl. IX, 1964, 259.
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addition of heptane (30 mL) and slow evaporation of the solvent.
They were collected by filtration and washed with cold heptane;
yield 60%, 30%, and 40%, respectively. Alternatively, compounds
1 and 3 were prepared by UV irradiation for 30 min at reflux
temperature of a mixture of M(CO)q (1 mmol) and Et,P-CS, (2
mmol) in THF (50 mL). Comparable yields of products were
obtained.

Anal. Calcd for C,H,;5CrO;PS,: C, 37.30; H, 3.91; Cr, 13.46;
S, 16.59. Found: C, 37.50; H, 4.15; Cr, 13.20; S, 16.32. Anal. Caled
for C;,H,;:MoOPS,: C, 33.49; H, 3.51; Mo, 22.29; P, 7.19. Found:
C, 33.25; H, 3.50; Mo, 21.90; P, 7.30. Anal. Caled for C,oH,;-
O;PS,W; C, 27.81; H, 2.91; W, 35.47. Found: C, 28.00; H, 3.05;
W, 35.40.

[Mn(n5-CsH;)(CO)o(S;CPEty)] (4). This dark blue complex
was prepared by the same procedure as the above derivatives
except for substitution of [Mn(5°-CsH;)(CO)4] (0.20 g, 1 mmol)
for M(CO)g; yield 70%.

Anal. Calcd for C{H,oMnO,PS,: C, 45.40; H, 5.44; Mn, 14.83;
P, 8.36. Found: C, 45.76; H, 5.88; Mn, 15.10; P, 8.45.

[Fe(n5-CsH;)(CO),(S,CPEt;) IBPh, (5). A mixture of [Fe-
(n5-CsH3)(CO)o(THF)]BF, (0.33 g, 1 mmol) and Et,P-CS, (0.20
g, 1 mmol) was stirred in CH,Cl, (30 mL) for 20 min at room
temperature. On addition of NaBPh, (0.35 g, 1 mmol) in ethanol
(30 mL) and slow evaporation of the solvent, yellow crystals were
obtained, which were collected by filtration and washed with
ethanol and petroleum ether. They were recrystallized from
CH,Cl,/ethanol; yield 70%.

Anal. Caled for C43H (BFeO,PS,: C, 66.09; H, 5.83; Fe, 8.08;
S, 9.28. Found: C, 66.10; H, 5.93; Fe, 7.80; S, 9.15.

[Mo(CO),(PEt3)(u-S;CPEt;)]; (6). A. A mixture of Mo(CO)g
(0.26 g, 1 mmol) and Et;P-CS, (0.40 g, 2 mmol) in THF (40 mL)
was irradiated at reflux temperature for 30 min. After filtration,
the solvent volume was reduced to about 15 mL and butanol (20
mL) added to precipitate red crystals which were filtered off and
washed with butanol and petroleum ether; yield 20%.

B. [Mo(C,;Hg)(CO);] (0.27 g, 1 mmol) in THF (15 mL) was
added at room temperature to a stirred suspension of Et,P-CS,
(0.40 g, 2 mmol) in THF (10 mL). There was an immediate color
change to dark red. Butanol (30 mL) was added. Slow evaporation
of the solvent produced red crystals which were removed by
filtration and washed as above; yield 60%.

C. A mixture of 2 (0.43 g, 1 mmol) and PEt, (0.18 g, 1.5 mmol)
in THF (20 mL) was irradiated for about 30 min at 0 °C. On
addition of butanol and slow evaporation of the solvent red crystals
were formed which were separated and washed as above; yield
40%.

Anal. Caled for CyHggMo,0,P,S,.: C, 38.79; H, 6.51; Mo, 20.65;
P, 13.33; S, 13.80. Found: C, 38.85; H, 6.66; Mo, 20.82; P, 13.50;
S, 13.63.

Collection and Reduction of X-ray Intensity Data. Unit
cell parameters for both the complexes were determined at room
temperature from a least-squares refinement of the angular setting
of 20 and 22 reflections, carefully centered on a Philips PW 1100
automatic diffractometer for compounds 1 and 6 respectively.
Systematic absences for 1 (h0! for A = 2n + 1 and OkO for & =
2n + 1) and 6 (hOl for I = 2n + 1, Okl for k = 2n + 1 and hkO
for A = 2n + 1) indicated the space groups P2,/a and Pbca,
respectively. Details of crystal data and data collection for the
two compounds are given in Table I. All data processing was
carried out as previously described.!!  After correction for
background the intensities were assigned standard deviations
calculated as described elsewhere,'? by using for the instability
factor k the value of 0.03 for both the complexes. Intensity data
were corrected for Lorentz and polarization effects and merged
to a unique set of reflections. No absorption correction was
applied, the linear absorption coefficients being 9.33 and 9.45 cm™
for complexes 1 and 6, respectively.

Atomic scattering factors of the appropriate neutral atoms were
taken from ref 13 for nonhydrogen atoms and from ref 14 for

(11) Bianchi, A.; Dapporto, P.; Fallani, G.; Ghilardi, C. A.; Sacconi, L.
J. Chem. Soc., Dalton Trans. 1973, 641.

(12) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967,
6, 197.

(13) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV, p 99.
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Table I. Crystal Data and Data Collection Details

[Cr(CO);- [Mo(CO),(PEt,)-
(SZCPEtJ)] [H'S:CPEtJJIJ

mol formula C,,H,,CrO,PS, C,,H,Mo,0,P,S,

mol wt 386.35 928.84

a, A 13.631 (7) 14.132 (58)

b, A 12.311 (8) 23.693 (9)

c, A 11.037 (6) 12.667 (4)

A, deg 100.76 (4)

dealed, gcm™? 1.410 1.454

U, A° 1819.6 4241.3

Z 1 4

space group P2, [a ) Phca

abs coeff, uy(Mo Ka), 9.33 9.45

cm™!
color red red
habit irregular prism  truncated
octahedron

dimensions, mm 0.05x 0.1 x 0.1 0.2x 0.3% 0.3

diffractometer Philips PW 1100 Philips PW 1100

A(Mo Ka), A 0.7107 0.7107

monochromator flat graphite flat graphite
crystal crystal

method w=26 scan w=26 scan
technique technique

scan speed, deg/s 0.07 0.08

scan width, deg (0.70 + 0.69 (0.74 + 0.69
tan 6) tan 0)

bkgd time half the scan half the scan
time time

stds 3 every 120 min 3 every 120 min

max dev std, % 4 5

20 limits, deg 5< 20 < 40 5= 20 < 50

no. of total data 1910 3107

no. of data used 829 1286

(I= 30 (1))
final no. of variables 115 123

hydrogen atoms. Both the Af’ and Af " components of anomalous
dispersion were included for all nonhydrogen atoms.!'®* The
function Zw(|F, | — |F])? was minimized during the least-squares
refinement process; the assigned weights are given as w = 1/¢?
(F,). The calculations were carried out by using the SHELX 76
crystallographic system!® on a SEL 32/70 computer, installed
in our institute.

Solution and Refinement of the Structures. [Cr(CO);-
(S,CPEt;)] (1). A three-dimensional Patterson synthesis revealed
the positions of the chromium atom and of one sulfur atom.
Successive Fourier maps led to the location of the atomic positions
of all nonhydrogen atoms. Hydrogen atoms were introduced in
their calculated positions but not refined. Full-matrix least-
squares cycles, with anisotropic temperature factors associated
to chromium, sulfur, and phosphorus atoms and isotropic thermal
factors for oxygen and carbon atoms, were carried out. The final
discrepancy factors R and R,, are 0.057 and 0.053, respectively.
The final positional and thermal parameters with their estimated
standard deviations are given in Table II.

[Mo(CO),(PEt;)(u-S,CPEt;)], (6). A three-dimensional
Patterson map revealed the position of the molybdenum atom.
All the nonhydrogen atoms were located from successive Fourier
syntheses. The electron density map showed well-defined regions
for all atoms except for the terminal carbons of the ethylenic
chains, which were displayed as diffuse density regions, charac-
teristic of disorder. Therefore, whenever possible, two distinct
positions were located for the disordered carbon atoms. The
hydrogen atoms belonging to the disordered methyl groups were
not introduced. The other hydrogen atoms were introduced in
their calculated positions, but not refined. Full-matrix least-
squares refinement of all positional parameters, anisotropic
thermal parameters for molybdenum, phosphorus, and sulfur, and

(14) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.

(15) “International Tables for X-Ray Crystallography™; Kynoch Press:
Birmingham, England, 1974; Vol. IV, p 149.

(16) Sheldrick, G. M. “System of Computing Programs”; University
of Cambridge: Cambridge, 1976, adapted by Dr. C. Mealli.

Bianchini et al.

Os(.-_ -;
Figure 1. Perspective view of the complex molecule [Cr(CO);-
(S,CPEt,)], orRTEP drawing with 30% probability ellipsoids.

isotropic thermal parameters for the other atoms, resulted in final
convergence with R and R, values of 0.056 and 0.056, respectively.
The final positional and thermal parameters with their estimated
standard deviations are reported in Table IIL.

Results and Discussion

By reaction of the zwitterion Et;P-CS, with [M-
(CO);THF] (M = Cr, 1; Mo, 2; W, 3) red crystals of em-
pirical formula [M(CO);(S,CPEt,)] are obtained. These
compounds are air-stable and very soluble in common
organic solvents. Their IR spectra, taken as Nujol mulls,
are similar to each other with bands in the CO region at
2058, 1996, 1960, 1930, and 1900 cm™, for 1, 2060, 1995,
1955, 1925, and 1890 cm™ for 2, and 2060, 1992, 1950, 1920,
and 1890 cm™ for 3. The IR spectrum of [Cr(CO)s-
(S,CPEt;)] in CH,Cl, solution shows bands in the CO
region at 2060 (w), 1993 (vw), 1948 (s), and 1915 (m) cm™.
The first, third, and fourth bands are assigned to the three
infrared active CO stretching fundamental of a [LM(CO);)
derivative: A,!, E, and A, respectively.!” The splitting
of the band at 1948 cm™ observed in the solid-state
spectrum is in agreement with this assignment. The very
weak band at 1993 cm™ may be attributed to the formally
infrared inactive B; mode, which becomes IR active due
to the ligand-induced molecular distortion.!

The diamagnetic complexes [Mn(n®-C;H;)(CO),-
(S,CPEty)], 4, and [Fe(n®-C;H;)(CO)4(S,CPEL,)] BPhy, 5,
dark blue and yellow in color, respectively, are similarly
prepared by the reaction of Z with [Mn(»5-C5Hj;)-
(CO),THF] and [Fe(n’-C;H;)(CO),THF]BF,. They are
air-stable in the solid state and soluble in common organic
solvents where compoud 5 behaves as a 1:1 electrolyte
(molar conductance in 10 M nitroethane solution: 42 ¢cm?
Q! mol™). Their IR spectra in CH,Cl, solution show bands
in the CO region at 1920, 1860 cm™, and 2060, 2020 cm™,
which well compare with those found for other [Mn(»®-
C;H;)(CO),L]"® and [Fe(n®-C;H;)(CO),L]Y? derivatives,
respectively. The IR spectra of all these five derivatives
further contain a strong band at 1068 cm™ which can be
attributed to the asymmetric ~CSS stretching vibration.??

The crystal and molecular structure of the complex 1
consists of monomeric complex molecule [Cr(CO)s-
(S,CPEtg)]. A perspective view of the molecule is given
in Figure 1. Selected bond distances and angles are re-
ported in Table IV. The coordination geometry about the
chromium atom, which is surrounded by five carbonyl
groups and one sulfur atom of the zwitterionic ligand, can

(17) Dobson, G. R.; Stolz, I. W.; Sheline, R. K. Adv. Inorg. Chem.
Radiochem. 1966, 8, 1.

(18) Werner, H.; Leonhard, K.; Burschka, C. J. Organomet. Chem.
1978, 160, 291.

(19) Butler, I. S.; Svedman, J. Spectrochim. Acta, Part A 1979, 354,
425,
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Table II. Atomic Parameters for [Cr(CO),(S,CPEt,)]?

atom x y 2 U(11) U(22) U(33) U(12) U(13) U(23)

Cr1 1868 (2) 1414 (2) 1312 (2) 72(2) 65 (2) 26 (1) -2(1) 1(1) -3(2)

P 3301(3) 1919 (3) 5943 (3) 43 (3) 52 (3) 42(2) -2(2) 3(2) -4 (2)

S1 2885 (3) 1276 (3) 3318(3) 77 (3) 81 (3) 37(2) 21 (2) 5(2) -11(3)

S2 1544 (3) 2851 (3) 4356 (3) 59 (3) 64 (3) 57 (3) 15(2) 6 (2) -2(2)
atom X y z U, A* atom x y z U, A?
01 1527 (8) 3845(10) 1211 (11) 108 (4) Ch 1173 (13) 1429 (14) - 225 (17) 100 (6)
02 3767 (9) 1701 (10) 311 (11) 112 (4) C6 2515 (9) 2033 (10) 4418 (11) 44 (4)
03 2118 (9) -989(10) 1018 (11) 115 (4) C7 2561 (10) 1503 (11) 7028 (12) 65 (4)
04 -62(9) 1097 (9) 2225 (11) 106 (4) C8 2064 (12) 416 (12) 6673 (16) 96 (6)
05 680 (8) 1470 (9) -1233 (11) 109 (4) C9 4310 (9) 993 (10) 5961 (12) 57 (4)
Ci 1690 (11) 2923 (14) 1324 (14) 81(5) Ci10 5002(11) 853 (13) 7209 (14) 90 (6)
C2 3034 (12) 1593 (13) 721 (15) 79 (5) C11 3763 (10) 3236 (11) 6401 (13) 67 (5)
C3 2009 (12) -85(15) 1138 (15) 91 (5) C12 4474 (11) 3649(13) 5602 (14) 95 (6)
C4 694 (13) 1214 (13) 1918 (15) 86 (5)

% Coordinates multiplied by 104, temperature factors by 10°.

The form of the thermal ellipsoid is exp{-2#? (U(11)h%a*?

+ U(22)k*b*? + U(33)1%c*? + 2U(12)hka*b* + 2U(13)hla*c* + 2U(23)kIb*c*)].

Table III. Atomic Parameters for [Mo(CO),(PEt, )(u-S,CPEt,)], ¢
atom x y F4 U(11) U(22) U(33) U(12) U(13) U(23)
Mo - 345 (1) 760 (1) -397(1) 38 (1) 35(1) 44 (1) 1(1) 3 (1) 4 (1)
S1 404 (2) 858 (1) 1426 (3) 44 (2) 58 (2) 54 (2) 1(2) -5(2) —6 (2)
S2 -1043 (2) -35(1) 669 (2) 39(2) 39(2) 55 (2) 1(2) 4 (2) 3(1)
P1 ~-1706 (2) 948 (1) 1921 (3) 52(2) 48(2) 54 (2) 6 (2) 10(2) 2(2)
P2 795 (2) 1427 (1) -1230(3) 57 (2) 50(2) 62(2) -8(2) 4 (2) 11(2)
atom x y z U, A? atom x y z U, A?
01 -1757(6) 1748 (4) -681 (6) 67(2) C9 -3429(17) 1340 (10) 1101 (19) 56 (7)
02 -1579(7) 497(4) - 2362 (8) 85(3) Co91 -3156 (28) 550 (18) 823 (32) 146 (15)
C1 -1203 (8) 1367 (5) -534 (10) 53 (3) C10 2005 (8) 1377 (6) -752(11) 76 (4)
C2 -1102(9) 570(5) -1629(10) 60(4) C11 2745 (10) 1799 (6) -1192(11) 80 (5)
C3 -761(7) 624 (4) 1205 (9) 41(3) Ci2 500 (11) 2196 (6) -1087 (13) 105(6)
C4 ~1846 (10) 591 (6) 3164 (11) 77 (4) C13 551(12) 2383 (8) 40(16) 131 (7)
C5 -978(11) 608 (6) 3899 (12) 92(5) Ci4 1002 (15) 1345 (8) —-2653 (17) 138(7)
Cé -1477 (9) 1687 (5) 2138 (10) 70 (4) Ci15 258 (24) 1357 (14) -3317(27) 107 (11)
C7 --2081(10) 1976 (6) 3026 (12) 81(4) Ci151 957 (22) 924 (18) -3179(25) 87(9)
C8 - 2853 (11) 877 (7) 1258 (14) 90 (5)

¢ Coordinates multiplied by 10, temperature factors by 10°

Atoms C9, C91, C15, and C151 are assigned a population

parameter of 0.5. The form of the thermal ellipsoid is exp[-2n?(U(11)h%a*? + U(22)k*b*? + U(33)%c*? + 2U(12)hka*b*

+ 2U(18)hla*c* + 2U(23)klb*c*)].

be described as distorted octahedral. No bonding inter-
action between the chromium and the second sulfur atom

of the Et;P-CS, group is envisaged, the Cr..S distance.

being 3.895 A. The Cr-S bond distance, 2.389 (4) A,
somewhat longer than the sum of covalent radii (2.22 A)%
is only slightly shorter than the average value of 2.444 (7)
A reported for the [(triphos)Co(u-CS,)Cr(CO);] com-
pound.® Also the Cr-CO bond distances, both cis and
trans, fall in the range of values previously found for other
Cr-CO linkages.?! In particular the Cr-C bond distance
for CO trans to the sulfur atom (1.78 (2) A) is somewhat
shorter than the average value of the Cr-C cis bond lengths
(1.86 (1) A). The significantly large difference of 0.08 A
is indicative of a large trans effect. A comparison with the
differences found between the equatorial and the axial
distances in [Cr(CO)5;(PPh;)] and [Cr(CO);P(OC¢H;),],
0.036 and 0.035 A, respectively,?! indicates that in the
present complex the sulfur atom of the zwitterion acts
essentially as a ¢ donor.

In regard to Et;P-CS,, acting as monodentate ligand,
small differences are to be pointed out with respect to the
uncoordinated zwitterion. Indeed both the S-C bond
distances and the S—C-S bond angle are close to the values

(20) Pauling, L. “The Nature of the Chemical Bond”, 3d ed.; Cornell
University Press: Ithaca, N.Y., 1960.

(21) Plastas, H. J.; Stewart, J. M.; Grim, S. O. Inorg. Chem. 19783, 12,
265.

Table IV. Selected Bond Distances (A )and
Angles (Deg) for [Cr(CO),(S,CPEt,)]

Bond Distances
Cr-S1 2.389(4) P1-Cé 1.82(1)
Cr-C1 1.87(2) P1-C7 1.78(1)
Cr-C2 1.84 (2) P1-Co 1.78(1)
Cr-C3 1.87(2) P1-C11 1.78 (1)
Cr-C4 1.86 (2) 01-C1 1.16 (2)
Cr-C5 1.78 (2) 02-C2 1.18(2)
S1-Ce 1.68(1) 03-C3 1.13 (2)
S2-Cé 1.65(1) 04-C4 1.15(2)
05-C5h 1.19(2)
Bond Angles
S1-Cr-C1 96.7 (5) Cri-S1-C6 115.4 (4)
S1-Cr-C2 8.9(5) Ce6-P1-C7 109.5 (6)
S1-Cr-C3 88.4 (5) C6-P1-C9 112.3 (6)
S1-Cr-C4 92.7(5) C6-P1-C11 108.0(6)
81-Cr-C5 175.1(6) C7-P1-C9 109.9 (6)
C1-Cr-C2 90.3 (7) C7-P1-C11 106.6 (7)
C1-Cr-C3 174.6 (7) C9-P1-C11 110.4 (6)
C1-Cr-C4 90.4 (7) S2-C6-P1 114.4 (7)
C1-Cr-C5 87.2(7) S1-Ce6-P1 114.8 (7)
C2-Cr-C3 88.2(7) S1-C6-S2 130.8(7)
C2-Cr-C4 179.2(7) Cr1-C1-01 173.0(15)
C2-Cr-C5 90.1(7) Cr1-C2-03 178.1(14)
C3-Cr-C4 91.0(7) Cr1-C3-03 178.1(16)
C3-Cr-C5 87.7(7) Cr1-C4-04 176.1(15)
C4-Cr-C5 80.2(7) Cr1-C5-05 177.0(18)

of the free ligand (1.65 (1), 1.68 (1) A, 130.8 (7) °© vs. 1.69

(2) A (av), 127 (1)°, respectively).??
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Scheme I
[MolCO)g(S,CPEL3)] + PELy
ofc lU'JITHF
THF
[Motcojst?Ha}J oo [MoICON(PERy) (- schajyh — {Motcols]
2E14PCS, EE'apCSz

Figure 2. Perspective view of the complex molecule [Mo-
(CO)y(PEty)(u-S,CPEtg)],, ORTEP drawing with 30% probability
ellipsoids.

On the basis of this structural determination and of the
information gathered from the spectroscopic measure-
ments, the above anchoring mode of the Z ligand can be
extended to compounds 2-5.

When Z is reacted with [M(CO)g] (M = Cr, W) in THF
under UV irradiation, at reflux temperature, the above
reported chromium and tungsten derivatives 1 and 3 are
obtained, but if the same reaction is carried out by using
[Mo(CO)g], the red dinuclear compound [Mo(CO),-
(PEty) (u-S,CPEty)]s, 6, is isolated. Alternatively compound
6 can be obtained by two other different routes: the re-
action of [Mo(CO);(S,CPEt,)] with PEt; under UV irra-
diation at 0 °C or the reaction of [Mo(CO);(C;Hg)] with
Z at room temperature (Scheme I).

Compound 6 slowly decomposes in air both in the solid
state and in solution. It is moderately soluble in most
organic solvents in which it behaves as nonelectrolyte. The
IR spectrum shows two bands in the CO stretching region
at 1890 and 1760 cm™!, which well compare with those
found for ¢is-L,M(CO), derivatives.!” No absorption in
the —CSS stretching region is observed. The *'P NMR
spectrum in CH,Cl, at 295 K consists of two triplets at
44.45 ppm (*J(PP) = 1.4 Hz) and 28.93 ppm (3J(PP) = 1.4
Hz), which are assigned to the triethylphosphine ligand
and to the phosphorus atom of Z, respectively. Indeed the
mononuclear compounds 1-3, which contain only the
triethylphosphine group belonging to Z, have P NMR
spectra showing a unique singlet at 30.65, 31.04, and 32.17
ppm, respectively.

The crystal and molecular structure of compound 6
consists of dimeric centrosymmetric complex molecules
[Mo(CO),(PEts)(u-S,CPEt;)];. Figure 2 shows a per-
spective view of the complex molecule. Table V reports
selected bond distances and angles.

The two molybdenum atoms are held together by two
zwitterion ligands, which exhibit in this complex a new
bonding mode. Indeed each Et,P-CS, zwitterion coordi-
nates to one metal through an #°-S,C delocalized linkage
as a 4m-electron ligand and to the other metal through one

(22) Margulis, T. N.; Templeton, D. H. J. Am. Chem. Soc. 1961, 83,
995.

Bianchini et al.

Table V. Selected Bond Distances (A ) and
Angles (Deg) for [Mo(CO),(PEt,)(u-S,CPEt,)],

Bond Distances

Mo-S1 2.551 (3) P1-C4 1.80 (1)
Mo-S2 2.520(3) P1-C6 1.80 (1)
Mo-S2' 2.631 (3) P1-C8 1.83 (2)
NMio-P2 2.489(3) P2-C10 1.82 (1)
Mo-C1 1.89 (1) P2-C12 1.88(2)
Mo-C2 1.94 (1) P2-C14 1.84 (2)
Mo-C3 2.14 (1) 01-C1 1.21 (1)
S1-C3 1.76 (1) 02-C2 1.16 (1)
S2-C3 1.75(1) Mo---Mo' 3.866 (2)
P1-C3 1.79 (1) Mo--81’ 4.051 (3)
Bond Angles
S1-Mo-82 75.2(1) Mo-82-Mo’ 97.2 (1)
S1-Mo-S¢ 82.4 (1) Mo-S2-C3 56.7 (4)
S1-Mo-P2 93.3 (1) C3-P1-C4 109.0 (6)
S1-Mo-C1 106.3 (4) C3-P1-Csé 111.1 (5)
S1-Mo-C2 167.3 (4) C3-P1-C8 112.9(7)
S1-Mo-C3 43.0(3) C4-P1-Cse 110.0(6)
S2-Mo-82' 82.7(1) C4-P1-C8 105.1 (7)
82-Mo-P2 162.7(1) C6-P1-C8 108.5(7)
82-Mo-C1  111.5{(4) Mo-P2-C10 115.2(5)
S2-Mo-C2 92.3 (4) Mo-P2-C12 115.5(5)
S2-Mo-C3 43.2(3) Mo-P2-C14 116.9(7)
P2-Mo-52' 82.9(1) C10-P2-C12 103.8(7)
P2-Mo-C1 83.9(3) C10-P2-C14 99.8(8)
P2-Mo-C2 99.4 (4) C12-P2-C14 103.4 (8)
P2-Mo-C3 132.5(3) Mo-C1-01 176.3 (11)
52-Mo-Cl1 164.6 (4) Mo-C2-02 175.0(11)
52 -Mo-C2 98.8 (4) S1-C3-52 123.8 (6)
S2-Mo-C3 103.3(3) 81-C3-P1 118.9(6)
C1-Mo-C2 75.5(5) 82-C3-P1 114.2 (6)
C1-Mo-C3 91.5(5) Mo-C3-P1 128.5(6)
C2-Mo-C3 125.1(5) Mo-C3-81 81.1(4)
Mo-81-C3 55.9(4) Mo-C3-82 80.1 (4)

sulfur atom as a two-electron ¢ donor. The coordination
around each metal atom can be described as pseudoocta-
hedral, two carbonyl groups and one phosphine being also
linked to each molybdenum atom. The most interesting
feature of this structure is given by the bonding mode of
the zwitterion: indeed the chelate ring MoS,C is clearly
nonplanar, with the molybdenum atom significantly dis-
placed from the S,C plane (the dihedral angle between the
MoS152 and the C3S1S2 planes reaching a value of 87.5°),
and the central carbon atom clearly within the bonding
distance of the metal (2.14 (1) A).

This geometry suggests the existence of a = interaction
between the metal and the zwitterion, which can be so
regarded as an 7°-coordinated pseudoallylic ligand. In
agreement with this bonding picture is the planarity of the
S,CP group and the equivalence of the two S-C bond
distances, indicating that the central carbon atom remains
sp® hybridized.

There are two different types of molybdenum-sulfur
bonds: those involving the = system averaging 2.535 (15)
A and the molybdenum-sulfur ¢ bond of 2.631 (3) A. All
these distances, somewhat longer than the sum of covalent
radii (2.37 A)? are indicative of appreciable trans influence
by the carbonyl and phosphine groups. These values
however are comparable with those reported for other
molybdenum compounds where a similar trans effect has
been noticed.?»?* These distances are much longer than
the correspondmg values reported for the monomeric
MoO(S,CS-i- C3H?)2 complex, which contains a >-CS,
thioxanthate group.”® This difference can be justified on

(23) Blake, A. B,; Cotton, F. A.; Wood, J. S. J. Am. Chem. Soc. 1964,
86, 3024.

(24) Maniloff, G. B.; Zubieta, J. Inorg. Nucl. Chem. Lett. 1976, 12, 121.

(25) Hyde, J.; Venkatasubramanian, K.; Zubieta, J. Inorg. Chem. 1978,
17, 414.
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the basis of steric requirements due to the larger coordi-
nation number and of the different oxidation number of
the metal.

Conclusions

The triethylphosphine—carbon disulfide adduct EtgP-CS,
is a very versatile ligand. Indeed this zwitterion can act
as a monodentate or bidentate ¢ donor by means of its
electron-rich sulfur atoms, but it can be also = bonded to
a metal through the conjugated CS, pseudoallylic system,
as a four-electron donor (Chart I).

The formation of the complexes 1-5, in which the
zwitterion acts as a monodentate ligand, by displacement
of the weakly coordinated THF ligand from carbonyl de-
rivatives, is not unexpected. In fact Z has undoubtely
nucleophilic character, undergoing alkylation with a variety
of electrophiles such as CH,l to give the phosphonium salt
[Et;PCSSCH;,]1.

Concerning the formation of the unexpected complex
6, on the basis of the reactivity pattern summarized in
Scheme I, it is possible to propose a reaction mechanism
involving the initial formation of the mononuclear com-
pound 2. The CS, group of the coordinated zwitterion in
2 can, in fact, displace two CO groups from another
[Mo(CO);5(S,CPEt;)] molecule by the four-electron donor

pseudoallylic CS, group. The successive displacement of
another CO molecule by triethylphosphine suggests a re-
markable back-donation in the metal-pseudoallylic group
linkage.

As it is shown in the Experimental Section, at least in
two cases the triethylphosphine ligand in compound 6
comes from the cleavage of the P-CS, bond in a zwitterion
molecule. Such a cleavage is not completely unexpected
in reactions carried out at high temperature: it has been
previously observed in the reaction of Z with Co(II)
aquocations and the triphospine 1,1,1-tris((diphenyl-
phosphino)methyl)ethane,? but it is rather surprising in
the reaction of Z with [Mo(CO)4(C;Hg)] which is carried
out under mild conditions. On the other hand the reaction
of tertiary phosphines and carbon disulfide is somewhat
reversible, expecially when higher trialkylphosphines are
employed.?’
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The title compound (3-CsH;)Re(CO),H, (2), a thermally stable colorless crystalline solid melting at 36-37
°C, was prepared in 49% yield by UV irradiation of (y-CsH;)Re(CO); with Et,SiH, and treatment of the
intermediate hydridosilylrhenium compound with silica gel in CHCl;. Ethanolic KOH deprotonates 2 forming
[(7-CsH;)Re(CO),)* which was isolated as its tetraethylammonium salt. Derivatives prepared from 2 or
its dianion are (n-C5H%)Re(CO)2(SnCla)H (4), (n-CsH;)Re(CO),(SnMey), (5), (3-CsHg)Re(CO).Me, (7), and
(n-CsH;)Re(CO)4o(1-2-9%-C;Hy) (6). IR intensities of carbonyl stretching bands indicate trans stereochemistry
for 2, 4, 5, and 7. An unusual reaction of the dianion with acetyl chloride forms (3-C;Hz)Re(CO)y(52-vinyl

acetate) (8).

Introduction

The interest and importance of molecular hydrides of
transition metals is attested by several major reviews of
the subject over the past 25 years.! Much current work
involves hydrido cluster complexes,'® but numerous gaps
remain in our knowledge of mononuclear hydrides, espe-
cially mononuclear polyhydrides. Thus, a number of or-
ganometallic hydrides which could reasonably be expected

(1) (a) Green, M. L. H,; Jones, D. J. Adv. Inorg. Chem. Radiochem.
1965, 7, 115. (b) Ginsberg, A. P. Transition Met. Chem. (N.Y.) 1965, 1,
112. (c) Muetterties, E. L., Ed. “Transition Metal Hydrides”; Marcel
Dekker: New York, 1971. (d) Kaesz, H. D.; Saillant, R. B. Chem. Rev.
1972, 72, 231. (e) Humphries, A. P.; Kaesz, H. D. Prog. Inorg. Chem.
1979, 25, 145.

to exist on the basis of 18-electron formalism have not been
prepared.

The dihydrides 1 and 3 are well-known, and many as-
pects of their chemistry have been explored.! We now
report the synthesis and some reactions of the novel di-
hydride 2, which constitutes the middle member of an
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remain in our knowledge of mononuclear hydrides, espe-
cially mononuclear polyhydrides. Thus, a number of or-
ganometallic hydrides which could reasonably be expected

(1) (a) Green, M. L. H,; Jones, D. J. Adv. Inorg. Chem. Radiochem.
1965, 7, 115. (b) Ginsberg, A. P. Transition Met. Chem. (N.Y.) 1965, 1,
112. (c) Muetterties, E. L., Ed. “Transition Metal Hydrides”; Marcel
Dekker: New York, 1971. (d) Kaesz, H. D.; Saillant, R. B. Chem. Rev.
1972, 72, 231. (e) Humphries, A. P.; Kaesz, H. D. Prog. Inorg. Chem.
1979, 25, 145.

to exist on the basis of 18-electron formalism have not been
prepared.

The dihydrides 1 and 3 are well-known, and many as-
pects of their chemistry have been explored.! We now
report the synthesis and some reactions of the novel di-
hydride 2, which constitutes the middle member of an

(o]

<<, ¢
Lo H t C— .-H

. Os”

M~k ;‘e\ oc” |S\H

oy ¢ H [

O o]

1 2 3

isoelectronic series formed by successive replacement 7-
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C;H; groups?® with pairs of carbonyls as the electronic
requirement of the metal decreases. Another interesting
aspect of 2 is that it is a member of the relatively small
group of mononuclear polyhydrides known at present that
do not contain phosphorus ligands.

Results and Discussion
Synthesis of (n-C;H;)Re(CO),H; (2). The new hy-
dride was first observed in trace amounts during product
workup from photochemical reactions of silanes with (»-
C;H;)Re(C0);5.2* We have now established that 2 may be
prepared in reasonable (49%) yield by the sequence of eq
1 and that a hydridosilylrhenium intermediate is involved.

Et,SiHy, hv o
(7-CsH;)Re(CO)3 ———— (n-CsHs)Re(CO),(SiEt;H)H
(n-CsH;)Re(CO),(SiEt,H)H sn:: Calzid

(ﬂ'CsH5)R2e(CO)2H2 (1)

Pure 2 was separated from unreacted starting materials
by careful chromatography on silicic acid using heptane.
Because of convenience and availability, the silane gen-
erally used in the synthesis was Et,SiH,; some other silanes
such as Me,SiH,; and PhCH,SiH, resulted in similar yields.
However, use of the same procedure with Ph;SiH, EtgSiH,
Me;SiH, or Ph,SiH, led to much lower yields of 2; the main
product isolated was the hydridosilylrhenium compound,
e.g., (1-CsH;)Re(CO),(SiPhy)H.# The crucial factor here
appears to be the susceptibility of the rhenium-silicon
bond to cleavage by the silicic acid—chloroform medium,
and this is influenced by the substituents.

Silicic acid conversion of a rhenium-silicon to a rheni-

um-hydrogen bond was presumably involved in the syn-

thesis of HyRey(CO); from PhySiH,Re,(CO)s.® A likely
route for the conversion would involve the -OH groups of
silicic acid, as suggested in eq 2; this process resembles the
known reaction of Me;SiMn(CO); with water or methanol.4

Re—SiR; + HO—Si= — Re—H + R;Si—0—Si= (2)

We have also obtained the dihydride 2 by reduction of
(n-CsH;)Re(CO),Br,® with either NaBH, or (i-C ,H,),AlH,
but yields are in the 10-15% range at best. These re-
ductions are not straightforward, and there is considerable
decomposition during the reaction.

Properties of (n-C;H;)Re(CO),H, (2). When very
pure, 2 is a colorless crystalline solid (mp 36-37 °C) which
can be handled for several hours in air, either in the solid
state or in solution, without noticeable decomposition. It
sublimes readily (room temperature (0.005mmHg)) and has
high solubility in common organic solvents, including pa-
raffin hydrocarbons. Compound 2 is thermally very stable,
and no reaction or decomposition occurred when it was
refluxed in various hydrocarbon solvents with boiling
points up to 140 °C. In this respect it differs from the
isoelectronic HyOs(CO), (3) which forms polynuclear
carbony! hydrides with loss of H, and CO under those
conditions.®’

(2) (a) We use the prefix n without superscript to imply that all the
atoms in a ring or chain, or all the multiply bonded ligand atoms, are
bound to the central atom. This is in accordance with recommendations
of the International Union of Pure and Applied Chemistry: Pure Appl.
Chem., 1971, 28, 1. (b) Dong, D. F.; Hoyano, J. K.; Graham, W. A. G. Can.
J. Chem., 1981, 59, 1455.

(3) Bennett, M. J.; Graham, W. A, G.; Hoyano, J. K.; Hutcheon, W.
L. J. Am. Chem. Soc. 1972, 94, 6232.

(4) Berry, A. D.; MacDiarmid, A. G. Inorg. Nucl. Chem. Lett. 1969,
5, 601.

(5) Nesmeyanov, A. N.; Kolobova, N. E.; Makarov, Yu. V.; Anisimov,
K. N. Izv. Akad. Nauk SSSR, Ser. Khim. 1969, 1826.

Hoyano and Graham

Table I. Spectroscopic Properties of
(n-C;H,)Re(CO),H, (2)

infrared® v(CO), em™! 2022 (m) 1954 (s)

Raman® v(Re-H), cm™' 1996 1969
v(Re~D),em™' 1411 1398

NMRY 'H,s 5.28(s, 5 H) -9.26(s, 2 H)
3G, 8 82.65¢ 194.09

@ In n-heptane. ? Solid state, see Figure 1. ¢ For
(n-C,H,)Re(C0),D,. 9 C,D, solution. ¢ C,H, carbons.

-

|
(n-CsHs)Re(CO)2D2 /\ ;

I

/\/\ (n-CsHs)Re(CO)2H2 ‘
|

. ;
2100 2050 2000 1950 1800 1450 1400 1350
cm™1
Figure 1. Raman spectra of solid-state samples of (n-CsH;)Re-
(CO);H, (2) and its deuterated form.

IR and NMR spectroscopic data for 2 are summarized
in Table I. The lower frequency (asymmetric) carbonyl
stretching vibration in the infrared spectrum is more in-
tense than the higher frequency band, indicative of the
trans geometry shown in 2228 No infrared bands due to
v(Re-H) are observable in the infrared even at higher
concentration, but two »(Re—H) bands appear in the Ra-
man spectrum, appropriately shifted in the dideuteride
(n-CsH;)Re(CO),D, (see Figure 1). The two Re-H
stretching bands are clearly the symmetric and asymmetric
combinations and occur in the region expected for terminal
hydrides.d

The 'H NMR spectrum (Table I) shows the Re-H signal
at 6 -9.86. The mass spectrum of 2 shows the molecular
ion, and competitive loss of CO and H as would be ex-
pected for terminally bonded hydrides.? There is a
tendency for hydrogens to be lost in pairs; for example,
the intensity ratio for the ions CsH;Re(CO),*, CsHsRe-
(CO),H*, and C;H;Re(CO),H,* is 12:1:7, as determined
by a fitting program similar to one described.!®

Reactions of (n-C;H;)Re(CO),H, (2). The dihydride
undergoes several reactions with electrophiles as summa-
rized in eq 3. The reaction of 2 with SnCl, is similar to

SnCls #rans - (n-CsHe)Re CORSACIzH (3a)
4
MeaSnCH Et3N
2 = T bans-(-CsHs)Re (COR(SnMe (3b)
5
L2 B (-CoHsIRe(CO)a1,2 - n2-CrHg) (3¢)
6

that of H,0s(C0O),.8'! We have recently prepared

(6) Moss, J. R.; Graham, W. A. G. J. Chem. Soc., Dalton Trans. 1977,
89. Moass, J. R.; Graham, W. A. G. J. Organomet. Chem. 1970, 23, C47.

(7) Evans, J.; Norton, J. R. J. Am. Chem. Soc. 1974, 96, 7577.

(8) King, R. B.; Reimann, R. H.; Darenshourg, D. J. J. Organomet.
Chem. 1975, 93, C23.

(9) Smith, 4. M.; Mehner, K.; Kaesz, H. D. J. Am. Chem. Soc. 1967,
89, 1759,

(10) Knox, S. A. R.; Koepke, J. W.; Andrews, M. A.; Kaesz, H. D. J.
Am. Chem. Soc. 1975, 97, 3942.





Synthesis of (n-CsHz)Re(CO),H,

Table II. Infrared Carbonyl Stretching Frequencies
compd »(CO), em™*
(n-C,H,)Re(CO),(SnCl,)HY (4) 2040 (m), 1982 (s)
(n-C H,)Re(CO),(SnMe,), (5) 1948 (m), 1895 (s)
(n-C,H,)Re(CO),(C.H,) (6) 1969 (s), 1902 (s)
[Et,N1,[(n-C,H )Re(CO) ¢ 1849 (s), 1775 (s)
(n-C,H )Re(CO) Me, (7 2009 (m), 1940 (s)
(n-C,H,)Re(CO),(C,H,0,)% (8) 1986 (s), 1915 (s)

@ In heptane solution unless otherwise indicated; w =
weak, m = medium, s = strong. ® Dichloromethane
solution. ¢ Tetrahydrofuran solution. ¢ Acetate car-
bonyl band at 1748 (m) em™'.

trans-(n-CsHz)Re(CO)o(SnCly)H (4) by an alternative route
involving protonation of the [(3-CsH;)Re(CO),SnCl;]-
anion.?

In the reaction with Me;SnCl (eq 3b) a base was re-
quired to carry the reaction to completion. Although we
were unable to isolate the presumed intermediate (5-
C;H;)Re(CO),(SnMey)H, it was detected spectroscopically
during the course of the reaction. When the reaction of
2 with 1 mol of MesSnCl was monitored by IR, new
product bands first appeared at 1988 (m) and 1925 (s) em™,
which we attribute to the monohydride intermediate.
These bands soon disappeared with the development of
bands due to 5 and 2. This suggests that a facile dispro-
portionation (eq 4) occurs.

(T]'C5H5)R€(CO)2(SHM33)H —-2+5 (4)

The reaction of 2 with tropylium (C;H,*) cation was of
interest in view of the behavior of monohydrides toward
this strong electrophile and hydride abstractor.!21® Re-
action of 2 and [C;H,][BF,] either did not occur or was
very slow but proceeded more rapidly when triethylamine
was added (eq 3c) forming 6, a 1,2-n° complex of 1,3,5-
cycloheptatriene. Convincing evidence for this coordina-
tion mode of cycloheptatriene is provided by the seven
different 1*C NMR signals for this ring; the two observed
3CO signals confirm the unsymmetrical coordination. The
only other well-defined neutral »*C;H; complex is (-
CsH;)Mn(CO),(1-2-9*-C;Hy), formed by reaction of C;Hj
with photochemically generated (n-C;H;)Mn(CO), THF .14
We have also prepared 6 photochemically. The detailed
course of the reaction of eq 3c is not known, but we con-
sider that likely intermediates are [(n-C;H;)Re(CO),-
(H)(1-2-9%-C,Hg)1*, formed by hydride abstraction and
coordination of the resulting C;Hg,'2 or the tautomeric
[(n-C5H5)Re(CO)2(n3-C7H9)]+.

[(n-CsH;)Re(CO),]* and Its Reactions. While tri-
ethylamine displaced the equilibrium of eq 3b, it was in-
effective even in excess when similar reactions of 2 with
alkyl halides were attempted. Spectroscopic studies
showed that 2 was not sufficiently acidic to be deproton-
ated by Et;N to an observable extent. We therefore set
out to deprotonate 2 with stronger bases in the hope that
the resulting anion would be useful synthetically.

After a number of attempts using various bases and
solvents, ethanolic KOH was found to deprotonate 2
conveniently forming a dianion, which could be obtained
as an analytically pure yellow solid with large counterions
such as Et,N* or (Ph;P);N* (eq 5). Elemental analysis

(11) Moss, J. R.; Graham, W. A. G. J. Organomet. Chem. 1969, 18,
(12) Sweet, J. R.; Graham, W. A. G. J. Organomet. Chem. 1981, 217,

(13) Hoyano, J. K.; May, C. J.; Graham, W. A. G. Inorg. Chem., in
press.

(14) Benson, I. B.; Knox, S. A. R.; Stansfield, R. F. D.; Woodward, P.
J. Chem. Soc., Dalton Trans. 1981, 51.
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Et;NBr

2 —— [(1-C;Hy)Re(CO),*
[Et,N],[(n-C;H;)Re(CO),] (5)

is consistent with formulation as a dianion, as is the IR
spectrum; carbonyl stretching bands (Table IT) occur at
1849 and 1775 em™), some 160 cm™! lower than in 2. Re-
actions so far investigated also support the dianion for-
mulation and are shown in eq 6.

MeI /THF
frans - (n-CsHs)Re (CO)2Me;

7 (6a)

trans - (- CsHs)Re(CO)a(SnMe3)2
5 (6b)

2- Me3SnCl/ THF
Un-CsHs)Re (CO)p)" =

CH3COCH/ THF
= (7-CsH5]Re(CO)2(C4aHs02)  (6¢)

8

The dimethylrhenium derivative 7 from eq 6a forms
stable, pale yellow crystals. Nesmeyanov et al.!® have
previously prepared 7 from (3-CsH;)Re(CO),Br, and
CH;Mgl. The bis(trimethyltin) derivative 5 is identical
with the compound obtained in eq 3b.

Compound 8, formed from acetyl chloride in eq 6c, is
formulated as an n?-vinyl acetate complex. A reasonable
reaction sequence leading to 8 is shown in eq 7, where Re

S O i FCOICHs
Re2 —>Re=c\ ——>» Re=C
CHs (iii) CHs
(N
H___OC(O)CH3
Re-—l[
CHjz

represents the (n-CsH;)Re(CO), moiety. Initial formation
of an acylate anion would be followed by attack of a second
mole of acetyl chloride on the acylate oxygen to form the
acetoxycarbene complex. The latter, upon shift of hy-
drogen to the carbene carbon and coordination of the
double bond produced, would yield 8. There is precedent
for step ii,'® and a process that may be similar to step iii
has been studied. Thus, Fischer et al.l” observed that
tertiary nitrogen bases reacted with (OC);Cr=C(OCH,)-
CR;H forming (OC);CrNR; and the vinyl ether CH,;O-
(H)C=CR,. Although it was suggested that the carbene
fragment underwent the hydrogen shift after displace-
ment,'” the possibility of a shift on the complexed ligand
with subsequent displacement of the olefin cannot be ex-
cluded. In the reaction leading to 8, just what basic species
(if any) is involved is unclear,; if it is tetrahydrofuran (the
solvent), a product having coordinated olefin would be
expected regardless of the details of the shift.
Carbonyl stretching frequencies for the derivatives of
2 are summarized in Table II. In all species where cis and
trans isomers are possible, the trans isomer only is present
in the solutions on the basis of relative band intensities.
Both [NO][{PFg] and [C,H,][BF,] react very rapidly with
the [(n-CsH;)Re(CO),]* anion in THF at room tempera-
ture to produce the dihydride 2 in good yield. We presume
that these reactions proceed by oxidation of the anion
forming metal-centered radicals which then abstract hy-
drogen atoms from the solvent. This would imply a Re-H
bond strength greater than that of the a-C-H bond in
THF, which is given as 92 kcal mol™.18 FX

(15) Nesmeyanov, A. N.; Kolobova, N. E.; Makarov, Yu. V.; Anisimov,
K. N. Zh. Obshch. Khim. 1974, 44, 2222,

(16) Sawa, Y.; Ryang, M.; Tsutsumi, S. J. Org. Chem. 1970, 35, 4183.

(17) Fischer, E. O.; Maasbol, A. J. Organomet. Chem. 1968, 12, P15.
Fischer, E. O.; Plebst, D. Chem. Ber. 1974, 107, 3326.

(18) Golden, D. M.; Benson, S. W. Chem. Rev. 1969, 69, 125.
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Conclusions

The number of known dicarbonyl(n-cyclopentadienyl)-
rhenium(III) derivatives is not large. These consist of
(n-CsH5)Re(CO)yBry, Y (n-CsHs)Re(CO) (X)Me (X = Br,
1),22 (3-CsHs)Re(CO)y(X)H,® (n-CsH;)Re(CO),Mey,*°
(n-CsHs)Re(CO),(I)HgCL,2 (3-CsH;)Re(CO),(Br)HgBr,?
{(n-CsH5)Re(CO)o(CH,Ph)H,? and ten derivatives of the
formula (n-C;H;)Re(CO),(ER3)R/, where ER; is a silyl,
germyl, or tin ligand and R’ is H, Me, or SnMe,.2

We have now prepared the dihydride 2, the simplest
member of this class, as a stable and readily accessible
compound that provides a valuable synthetic starting
point. As noted above, 2 is closely related through the
18-electron rule to HyOs(CO), (3), and in the same way
[(n-CsHs)Re(CO),]* is an analogue of the useful anion
[0s(CO),)*. We are currently attempting to extend this
method to the synthesis of other new mononuclear poly-
hydrides. It is of interest that two phosphine derivatives
of 2, (n-CsHs)Re(PR3),H,, have recently been prepared by
a quite different route starting with H,Re(PR;),.%

Experimental Section

All reactions were carried out under an atmosphere of nitrogen
mainly by the use of Schlenk-type apparatus. Solvents were dried
by standard procedures (if necessary) and deaerated just prior
to use. The reagents used were commercial reagent gradient
quality or were prepared according to published procedures. The
(n-CsH;)Re(CO); was prepared in nearly quantitative yield from
Cs;H;T1 and BrRe(CO);.1%

Melting points were taken in capillaries and are uncorrected.
Infrared spectra were recorded on a Perkin-Elmer 337 grating
spectrometer and in expanded form on a Hewlett-Packard 7127A
recorder; spectra were calibrated with gaseous carbon monoxide.
'H NMR measurements were made on Varian HA-100, Varian
HA-100/Digilab FT system, and Bruker WH-200 instruments.
The proton-decoupled *C NMR measurements were obtained
on the Bruker HFX-90/Nicolet 1085 system in the FT mode.
Mass spectra were obtained on an AEI-MS-12 instrument op-
erating at 15-70-eV ionizing voltage. Microanalyses were carried
out by the microanalytical laboratory of this department.

Preparation of (1-C;H;)Re(CO),H, (2). A solution of (»-
C;H;)Re(CO); (2.00 g, 5.97 mmol) and Et,SiH, (5.0 g, 57 mmol)
in 250 mL of cyclohexane was irradiated by using a 450-W UV
source through a water-cooled quartz jacket for 10 h. IR indicated
approximately a 1:1 mixture of (3-CsHz)Re(CO); and (-CsHs)-
Re(CO),(SiEt,H)H.#* After removal of the solvent under vacuum,
the residual oil was stirred for 3 h with 10 g of silicic acid and
50 mL of chloroform. This mixture was filtered, and an additional
50 mL of chloroform was used to ensure all product was removed
from the silicic acid; IR of the combined filtrates indicated that
(n-CsH;)Re(CO); and 2 were the only carbonyl compounds present.
The chloroform was evaporated, leaving a reddish oil, which was
then carefully chromatographed on a 50-g silicic acid column made
up and eluted with heptane. The fractions were monitored by
IR in the carbonyl stretching region and showed a separation of
the two compounds with 2 eluted first. The fractions containing
product were evaporated, and the residue was sublimed at 30 °C
(0.005 mm) to afford colorless crystals of (n-CsHs)Re(CO),H, (0.90
g, 49%), mp 36-37 °C.

(19) (a) King, R. B.; Reimann, R. H. Inorg. Chem. 1976, 15, 179. (b)
Nesmeyanov, A. N.; Kolobova, N. E.; Makarov, Y. V.; Anisimov, K. N,
Izv. Akad. Nauk SSSR, Ser. Khim. 1969, 1687.

(20) Nesmeyanov, A. N.; Kolobova, N. E.; Makarov, Y. V.; Anisimov,
K. N. Z. Obshch. Khim. 1974, 44, 2179.

(21) Aleksandrov, G. G.; Struchkov, Y. T.; Makarov, Y. V. Zh. Strukt.
Khim. 1973, 14, 98.

(22) Fischer, E. O.; Frank, A. Chem. Ber. 1978, 111, 3740.

(23) Baudry, D.; Ephritikhine, M. J. Chem. Soc., Chem. Commun.
1980, 249. Baudry, D.; Ephritikhine, M.; Felkin, H. Ibid. 1980, 1243.

(24) Continued irradiation beyond this point led to some decomposi-
tion and complications during product recovery. An approximately 50%
conversion of (y-CsHg)Re(CO); may be near the optimum, since uncon-
sumed starting material is so easily recovered.
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Anal. Caled for C;H,0,Re: C, 27.18; H, 2.28. Found: C, 26.95;
H, 2.19.

Preparation of (n-C;H;)Re(CO);D,. To a sample of (-
Cs;H;)Re(CO),H, (100 mg) dissolved in 20 mL of heptane was
added D,O (2 mL), florisil (0.20 g which had been pretreated with
D,0), and Et3N (0.50 mL). This reaction mixture was stirred
vigorously for 24 h. The heptane layer was decanted and then
evaporated under vacuum. The residue was sublimed at 30 °C
to afford colorless crystals of the product (60 mg); the mass
spectrum indicated that deuteration was more than 90% complete.

Preparation of (n-C;H;)Re(CO),(SnCl;)H (4). A solution
of 2 (0.20 g, 0.65 mmol) in heptane (25 mL) was treated with SnCl,
(0.30 g, 1.15 mmol) and then stirred for 1 h. The resulting pale
yellow solid precipitate was filtered, washed with heptane (2 X
10 mL), and then dried under vacuum. This solid was crystallized
from heptane—-dichloromethane to yield pale yellow crystals of
the product (0.18 g, 52%), mp 130 °C dec.

Anal. Calced for C;H¢Clg0,8n: C, 15.76; H, 1.13. Found: C,
15.88; H, 1.20.

Preparation of (n-C;H;)Re(CO),(SnMe;), (5). A solution
of 2 (0.15 g, 0.50 mmol) and Me;SnCl (0.18 g, 0.90 mmol) in
heptane (25 mL) was treated with 0.10 mL of Et;N. There was
an immediate precipitate of Et;NHCI; the mixture was stirred
for 2 h. The precipitate was filtered off, and then the heptane
filtrate was evaporated under vacuum. The residue was sublimed
at 30 °C for 5 h to remove any remaining 2, after which subli-
mation at 70 °C (0.005 mm) afforded white crystals of the product
(200 mg, 62%): mp 105-106 °C; 'H NMR (CDCl;) 6 5.03 (s, 5
H), 0.42 (s, 18 H, J(1"Sn-CH,) = 46.4 Hz, J(1*®Sn—-CH,) = 48.6
Hz); mass spectrum, molecular ion observed and peaks corre-
sponding to competitive CO and CHj loss.

Anal. Caled for C;3H,30,ReSn,: C, 24.59; H, 3.65. Found: C,
24.95; H, 3.78.

Preparation of (n-C;H;)Re(CO),C,H; (6). A solution of 2
(0.155 g, 0.50 mmol) in tetrahydrofuran (20 mL) was treated with
C;H,BF, (0.15 g, 0.84 mmol) and Et;N (0.25 mL), and the resulting
mixture was stirred for 30 h. The solvent and volatiles were
removed under vacuum, and the remainder was dissolved in
heptane (25 mL) and filtered through a short florisil column. The
column was first washed with 50 mL of heptane, followed by 75
mL of dichloromethane; the latter fraction contained the product.
After the dichloromethane was removed under vacuum, the white
solid residue was recrystallized from heptane to yield white crystals
of the product (120 mg, 60%): 'H NMR (CDCl,) 4 6.77 {(q, 1 H),
6.0 (m, 3 H), 5.26 (s, 5 H, C;H;), 3.83 (q, 1 H), 3.18 (m, 2 H), 2.08
(m, 1 H); 3C NMR (CDCl,) 4 203.9 (carbonyl), 202.4 (carbonyl),
138.0, 134.2, 128.2, 125.3, 85.9 (CzH;), 78.4, 77.0, 76.5; mass
spectrum, parent ion and loss of two carbonyls observed; C;H;*
is the most intense ion.

Anal. Caled for C,jH;30,Re: C, 42.10; H, 3.28. Found: C, 42.51;
H, 3.41.

Deprotonation of (n-C;H;)Re(CO),H,. A sample of 2 (0.31
g, 1.00 mmol) was added to 10 mL of a 0.4 M KOH solution in
ethanol. The resulting mixture was stirred for 4 h to produce an
orange solution. Then a solution of Et,NBr (0.45 g, 2.14 mmol)
in 5 mL of ethanol was added, and stirring produced a small
amount of a yellow precipitate. This mixture was concentrated
(vacuum) to about half volume, resulting in more of the precip-
itate. The yellow solid was filtered off, washed with cold ethanol
(2 X 3 mL), and dried to yield the crude anion (0.30 g, 53%).
Analytical samples were obtained by recrystallization from tet-
rahydrofuran, in which it was slightly soluble. Similar results were
obtained by using (Ph;P),NCIl instead of Et,NBr.

Anal. Caled for Co3HysNoOsRe: C, 48.65; H, 7.99; N, 4.93.
Found: C, 49.10; H, 8.20; N, 5.10.

Preparation of (n-C;H;)Re(CO)y(CH;), (7). The tetra-
ethylammonium salt of the anion prepared above (0.20 g, 0.35
mmol) was stirred with 0.15 mL of methyl iodide in 20 mL of
tetrahydrofuran for 1 h. The solvent was removed under vacuum
and the residue extracted with 30 mL of benzene. Evaporation
of the benzene gave a yellow solid, which was sublimed at 45 °C
(0.005 mm) to afford pale yellow solid product (65 mg, 55%): mp
150-155 °C; 'H NMR (CDCl;) § 5.05 (s, 5 H, cyclopentadienyl
protons), 0.77 (s, 6 H, methyl protons); mass spectrum, molecular
ion and loss of two carbonyls observed along with competitive
loss of methyl groups.
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Anal. Caled for CgH;;O4Re: C, 32.04; H, 3.29. Found: C, 32.32;
H, 3.31.

Preparation of (n-CsH;)Re(CO),(C,H0,) (8). The tetra-
ethylammonium salt of the anion prepared above (0.15 g, 0.26
mmol) was stirred with acetyl chloride (50 mg, 0.64 mmol) in 10
mL of tetrahydrofuran for 10 h. Solvent was removed (vacuum),
and the residue was extracted with heptane (30 mL); IR spectrum
showed product plus some (7-CsHz)Re(CO); and 2. This heptane
extract was placed on a 50-g florisil column. Elution with 100
mL of a 1:1 mixture of dichloromethane and heptane removed
the two carbonyl impurities, and then 76 mL of pure dichloro-
methane eluted the product. Evaporation of the solvent and
sublimation of the residue under vacuum resulted in a pale yellow
solid product (50 mg, 50%): mp 38-41 °C; 'H NMR (CDCl,) ¢

6.49 (dd, 1 H), 5.30 (s, 5 H, cyclopentadienyl), 2.28 (dd, 1 H), 2.13
(dd, 1 H), 2.08 (s, 3 H); mass spectrum, M*, (M - CO)*, (M -
2C0)*, (C,He0y)*.

Anal. Calcd for C,;H;;0,Re: C, 33.59; H, 2.80. Found: C, 33.70;
H, 2.95.
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Introduction

Since the initial report in 1939, the reduction of organic
carbonyl groups by boron and aluminum hydrides has
received widespread application.? The varying strengths
and selectivities of these reagents allow considerable con-
trol over the specific reaction. More recently these inor-
ganic hydrides have found application as well in organo-
metallic systems.>'5 The course of the reactions differs
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slightly in the organic and organometallic systems. In a
typical organic procedure the initial reduction is followed
by a hydrolysis step to produce an alcohol, while in the
organometallic systems hydrolysis is not always required
to produce a boron-free product.

As seen in the following examples, the extent of reaction
varies from transfer of a single hydride (eq 1) to more
complex reactions involving several equivalents of hydride
(eq 2). A borohydride reagent, BH,", BR;H", or B(OR),H",

(m=-1)"
- - - /O
+ BR3H ,BH4q ,or B(OR)aH LnM-—C\ (1)

H

LM—C0”

m=20,1

[(-C4H,) (NO) (CO),Re]* —m
(-C5sH;)(NO)(CO)Re(CH;) (2)

can attack and transfer a single hydride to the electrophilic
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H, 3.31.

Preparation of (n-CsH;)Re(CO),(C,H0,) (8). The tetra-
ethylammonium salt of the anion prepared above (0.15 g, 0.26
mmol) was stirred with acetyl chloride (50 mg, 0.64 mmol) in 10
mL of tetrahydrofuran for 10 h. Solvent was removed (vacuum),
and the residue was extracted with heptane (30 mL); IR spectrum
showed product plus some (7-CsHz)Re(CO); and 2. This heptane
extract was placed on a 50-g florisil column. Elution with 100
mL of a 1:1 mixture of dichloromethane and heptane removed
the two carbonyl impurities, and then 76 mL of pure dichloro-
methane eluted the product. Evaporation of the solvent and
sublimation of the residue under vacuum resulted in a pale yellow
solid product (50 mg, 50%): mp 38-41 °C; 'H NMR (CDCl,) ¢

6.49 (dd, 1 H), 5.30 (s, 5 H, cyclopentadienyl), 2.28 (dd, 1 H), 2.13
(dd, 1 H), 2.08 (s, 3 H); mass spectrum, M*, (M - CO)*, (M -
2C0)*, (C,He0y)*.

Anal. Calcd for C,;H;;0,Re: C, 33.59; H, 2.80. Found: C, 33.70;
H, 2.95.

Acknowledgment. We thank the Natural Sciences and
Engineering Research Council of Canada for financial
support.

Registry No. 2, 80952-45-0; 4, 79061-68-0; 5, 80925-98-0; 6,
80925-99-1; 7, 80952-46-1; 8, 80926-00-7; [Et,N1[(n-CsHs)Re(CO),],
80926-02-9; Et,SiH,, 542-91-6; SnCl,, 7646-78-8; Me,SnCl, 1066-45-1;
acetyl chloride, 75-36-5.

Reductive Carbonylation of Mn(CO);(CH;) and
(n°-CsH5)Fe(CO),(CH;) To Produce Hydrocarbons and
Oxygen-Containing Products

R. E. Stimson and D. F. Shriver*

Department of Chemistry, Northwestern University, Evanston, Illinois 60201

Recsived December 15, 1981

Under a CO atmosphere Mn(CO);(CHj;) reacts with diborane to produce alkanes and olefins up to C,.
The yield drops greatly from C, through C, products, suggesting a chain growth mechanism. Addition
of BF; to the reaction mixture alters the product distribution by increasing the yield of the longer chain
and more saturated hydrocarbons. The reaction of (n°-CsH;)Fe(CO),(CHj) with CO and diborane requires
the presence of BF; to produce C, and higher products, and the function of BF; is to promote CO migratory
insertion. Isotopic labeling experiments confirm diborane as a source of hydrogen in the products and
also demonstrate that carbon atoms in the hydrocarbon products are derived from CO. These general
observations are consistent with a repetitive series of migratory insertion and reduction steps, but the presence
of unsaturated hydrocarbons and oxygen-containing organics as well as the isotopic composition of the
hydrocarbons indicate a complex set of intermediate steps.

Introduction

Since the initial report in 1939, the reduction of organic
carbonyl groups by boron and aluminum hydrides has
received widespread application.? The varying strengths
and selectivities of these reagents allow considerable con-
trol over the specific reaction. More recently these inor-
ganic hydrides have found application as well in organo-
metallic systems.>'5 The course of the reactions differs

(1) Schlesinger, H. I; Burg, A. B.; Brown, H. C. J. Am. Chem. Soc.
1939, 61, 673.

(2) Brown, H. C. “Organic Synthesis Via Boranes”, Wiley-Interscience:
New York, 1975.

(3) Brookhart, M.; Tucker, J. R. J. Am. Chem. Soc. 1981, 103, 979.

(4) Davison, A.; Reger, D. L. J. Am. Chem. Soc. 1972, 94, 9238.

(5) Green, M. L. H. J. Chem. Soc. A 1971, 497.

(6) Collins, T. S.; Roper, W. R. J. Organomet. Chem. 1978, 159, 73.

(7) Green, M. L. H,; Nagy, P. L. L. J. Organomet. Chem. 1963, 1, 58.

(8) Tam, W.; Wong, W.; Gladysz, J. A. J. Am. Chem. Soc. 1979, 101,
15.

(9) Sweet, J. R.; Graham, W. A. G. J. Organomet. Chem. 1979, 173,
C9

(10) Casey, C. P.; Andrews, M. A,; McAlister, D. R.; Rinz, J. E. J. Am.
Chem. Soc. 1980, 102, 19.

(11) Bodnar, T.; Coman, G.; LaCroce, S.; Lambert, C.; Menard, K,;
Cutler, A. J. Am. Chem. Soc. 1981, 103, 24.

(12) Wong, A.; Atwood, J. D. J. Organomet. Chem. 1981, 210, 39.

slightly in the organic and organometallic systems. In a
typical organic procedure the initial reduction is followed
by a hydrolysis step to produce an alcohol, while in the
organometallic systems hydrolysis is not always required
to produce a boron-free product.

As seen in the following examples, the extent of reaction
varies from transfer of a single hydride (eq 1) to more
complex reactions involving several equivalents of hydride
(eq 2). A borohydride reagent, BH,", BR;H", or B(OR),H",

(m=-1)"
- - - /O
+ BR3H ,BH4q ,or B(OR)aH LnM-—C\ (1)

H

LM—C0”

m=20,1

[(-C4H,) (NO) (CO),Re]* —m
(-C5sH;)(NO)(CO)Re(CH;) (2)

can attack and transfer a single hydride to the electrophilic

(13) Thorn, D. L. J. Am. Chem. Soc. 1980, 102, 71.

(14) van Doorn, J. A.; Master, C.; Volger, H. C. J. Organomet. Chem.
1976, 105, 245.

(15) Masters, C.; van der Woude, C.; van Doorn, J. A. J. Am. Chem.
So. 1979, 101, 16.

0276-7333/82/2301-0787$01.25/0 © 1982 American Chemical Society





788 Organometallics, Vol. 1, No. 6, 1982

carbon in Fischer-type carbenes,?? thioformyl complexes,?
cationic ethylene complexes,” and cationic and neutral
metal carbonyls.®® Under more stringent conditions the
reduction can proceed to the formation of metal alkyls (eq
2)%! or in some cases the free alkane.'?

Diborane and alane are also effective reducing agents
for metal carbonyl complexes. Diborane converts metal
formyls®1913 and acetyls!* to the corresponding methyl and
ethyl complexes, respectively. The more powerful AlH;
produces hydrocarbons from Rug(CO),5.1* The major
difference between the borohydride reagents and diborane
appears to lie in the site of initial attack. The electron-rich
borohydride reagents react at an electrophilic center by
hydride transfer as shown in eq 1. In contrast, the Lewis
acids borane and alane are thought to attack an electron-
rich site such as a carbonyl oxygen, which is followed by
hydride transfer. It is this mode of reaction leading to the
Lewis acid adduct intermediate I which is proposed in the
reduction of metal acetyls to metal alkyls (eq 3).14
- __OBH3

LsFe—C ~—CHy —— [L,Fe—C~

] —= L,FeCyHs (3)
\CH

3
I

Lewis acid adducts of metal acetyls are known,¢ and
recently it was shown that molecular Lewis acids dra-
matically increase the rate of migratory alkyl insertion of
CO (eq 4).17 The rate of reaction may be enhanced by a
factor of at least 107,'8 and the position of the equilibrium
can be altered by the Lewis acid to favor the insertion
product.

0 0
T T
OLA
LA =~
LaM—R <o LﬂM—C\R (4)

The present research was designed to explore the pos-
sible combination of Lewis acid promoted migratory CO
insertion with borane reduction to effect the buildup of
alkyl chains from CO by successive insertion and reduction
steps (eq 5). In reaction 5 diborane might play the dual

let R = CH,R

L—-00
ZL—00

B2He
—278

—R =%

==C

—CH,R (5)

role of assisting the CO insertion reactions as well as re-
ducing the resulting metal acyl but the studies reported
here include stronger Lewis acids in addition to the di-
borane in the reaction mixture.

Experimental Section

Materials. The compounds Mn(CH,;)(CO);,'% Mn(C(O)C-
Hy)(C0O)5,2° (7°-CsHy)Fe(CH)(CO),,!*® and (4°-CsH)Fe(C(O)-
CHj3)(CO),*! were prepared by modifications of literature pro-

(16) Lukehart, C. M.; Torrence, G. P.; Zeile, J. V. J. Am. Chem. Soc.
1974, 97, 6903. Stimson, R. E,; Shriver, D. F. Inorg. Chem. 1980, 19, 1141.

(17) Butts, S. B.; Strauss, S. H.; Holt, E. M.; Stimson, R. E.; Alcock,
N. W.; Shriver, D. F. J. Am. Chem. Soc. 1980, 102, 5093.

(18) Richmond, T. G.; Basolo, F.; Shriver, D. F. Inorg. Chem. 1982, 21,
1272.

(19) (a) King, R. B. “Organometallic Syntheses”; Academic Press: New
York, 1965; Vol. 1, p 147. (b) Ibid., p 151.

(20) Lukehart, C. M.; Torrence, G. P.; Zeile, J. V. Inorg. Synth. 1978,
18, 57.

(21) Piper, T. S.; Wilkinson, G. /. Inorg. Nucl. Chem. 1956, 3, 104.
King, R. B. J. Am. Chem. Soc. 1963, 85, 1918,

Stimson and Shriver

cedures, and products were judged pure by proton NMR and IR
spectra. Diborane and B,Dg were prepared by the method of
Norman and Jolly using NaBH, (Aldrich, 99+ %) and NaBD,
(Aldrich, 98 atom %).22 The diborane and BF; (Linde) were
purified by trap-to-trap distillation until their vapor pressures
agreed with literature values.® A 1 M THF solution of BH; THF
was used as received (Aldrich). Carbon monoxide (Matheson,
CP grade) and ®CO (Monsanto Research Corp., 99+ atom %)
were used as received and stored over silica gel. Hydrogen chloride
(Matheson, technical 99.0%) was used without further purification.
The Amberlyst A21 ion-exchange resin was dried under vacuum
before use. Under N,, toluene, THF, dioxane, and diglyme were
distilled from sodium benzophenone ketyl; CH,Cly, C¢H;Cl, and
0-CgHCl, were distilled from P,0;; ethanol and methanol were
distilled from magnesium turnings, and pyridine was distilled from
barium oxide.

General Procedures. All sample manipulations were carried
out by using standard inert-atmosphere techniques. The Lewis
acids and more volatile solvents were measured and transferred
on a preparative high vacuum line.

In a typical reaction a flask was charged with 0.3-0.5 mmol of
metal complex. The solvent, BF;, and B,H; were measured and
condensed at -196 °C into the reaction vessel on the vacuum line.
Carbon monoxide was admitted to the frozen reaction flask and
the amount determined by the pressure change in a known
volume. After the mixture was stirred for several hours to several
days, the reaction was frozen and the noncondensable gases an-
alyzed. The remaining CO and any CH, formed were generally
collected by adsorption on SiO; at -196 °C, and the total quantity
of gas was determined by PVT measurement. Quantitative IR
spectroscopy was employed to measure the CH,. The condensable
products were usually fractionated on the vacuum line. The most
volatile fraction was passed through a bed of the amine resin to
remove excess borane. Amounts of the remaining gaseous products
were determined by PVT measurements. After initial removal
of volatiles, 5-16 mmol of HCl and 5-9 mL of ethanol (or
methanol) was distilled into the remaining solution. The reaction
was stirred for several hours followed by a second product sep-
aration, including removal of excess HCI by the amine resin. The
gaseous products were analyzed by GC, GC-MS, or high-resolution
mass spectrometry. The higher boiling products which remained
in solution were analyzed by GC or GC-MS. Organometallic
products were sublimed or recrystallized and characterized by
IR.

Gas-phase hydrocarbon samples were analyzed on a PE-820
gas chromatograph equipped with 6 ft X !/4 in. Spherocarb
(80/100 mesh) columns. Solutions were analyzed on 6 ft X /4
in. Porapak @ columns (80/100 mesh).

Reactions with Mn(CH3)(CO); (A). Diborane (0.98 mmol)
was trapped into a 0.05 M toluene solution of Mn{CHj3)(CO); (0.27
mmol). After addition of Co (4.10 mmol) the solution was stirred
40.5 h. Removal of unreacted CO and protolysis were followed
by neutralization and gas analysis which showed a 7% yield of
CH, and a 13% yield of hydrocarbons (based on Mn). An IR of
the remaining solution indicated Mny(CO),, as one of the man-
ganese-containing products.

Reactions B, C, D, and E were run under conditions similar
to A, differing only in the presence or absence of BF; (see Table
I).

Reactions in the Absence of CO (F). To a 0.062 M toluene
solution of Mn(CH,3)(CO); (0.355 mmol) were added B,Hg (1.07
mmol) and BF; (0.38 mmol). The reaction was stirred 41.5 h and
then treated with acid. Product separation at —45 °C and neu-
tralization on the amine resin resulted in a 3.8% hydrocarbon
yield (based on Mn). The manganese dimer was detected by
solution IR in toluene.

Reaction G (see Table I) was analogous to reaction F except
for the presence of BF;.

Reaction in the Absence of Diborane (H). Boron trifluoride
(0.35 mmol) was added to 0.31 mmol of Mn(CH;)(CO); in 6.2 mL
of toluene. The reaction was stirred at room temperature under
CO (2.66 mmol) for 4.5 h. The initially formed golden solution

(22) Norman, A. D.; Jolly, W. L. Inorg. Synth. 1968, 11, 15.
(23) Shriver, D. F. “Manipulation of Air-Sensitive Compounds”;
McGraw-Hill: New York, 1969; p 266.
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Table I. Data for the Diborane Reduction Reactions with Mn(CH,)(CO), and (n°*-C,H,)Fe(CH,)(CO),
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reac-

reac- tion B,H,/ [M],c C,H,/ C.H,/

tion time,h BF,/M¢ M¢ CO/M¢ Pbmm M,mmol mol/L %yieldd C,H, C,H, C,/C,
A 40.5 0 3.7 15.2 1039 0.27 0.05 13 0.31 large 16
B 24.5 0 6.0 13.0 1303 0.343 0.05 27 0.15 large 7.9
C 24.0 1 3.0 9.4 1360 0.47 0.05 2.3 22 4.8 0.78
D 25.5 1 6.0 11.6 1458 0.38 0.05 17 26 6.3 1.7
E 25.0 0.14 6.1 12.8 1611 0.414 0.05 7.7 9.5 11.8 8.9
F 41.5 0 3.0 0 336 0.355 0.06 3.8 0.68 trace large

C,H,

G 41.5 1.1 3.0 0 511 0.305 0.06 2.4 large 1.0 large
H 4.5 1 0 8.6 525 0.31 0.05 2.3 0
dJ 61.0 1 2.9 3500 0.40 0.05 7.6 1.2 >>1 1.3
(6] 65.0 1 3.0 9.2 965 0.365 0.05 13 0.72 6.8 3.4
P 59, 0 3.0 8.8 0.37 0.365 0.05 0

% Ratio of moles of reactant to moles of metal complex, M. The metal complex was Mn(CH,)(CO); in reactions A
through H and J through N. For reactions O and P the metal complex was (n%-C,H,)Fe(CH,) CO)J. b Total initial pressure
T

of CO + B,H, + BF, in the reaction vessel. ¢ Molar concentration of metal complex in toluene.
through C, hydrocarbons collected before and after protolysis.

otal yield of C,

The yield of CH, was low for reactions employing Mn(CH,)-

(CO),. ¢ Ethylene was the sole hydrocarbon product. Ethyl acetate also was produced.

became paler, and a light-colored precipitate appeared. After
removal of unreacted CO and photolysis, the reaction mixture
was fractionated and neutralized to produce a 2.3% hydrocarbon
yield. A GC of the solution showing the presence of ethyl acetate
was confirmed by GC-MS. An IR of the remaining orange solid
dissolved in toluene demonstrated the presence of Mny(CO);,.

Blank Reaction (I). To 1.28 mmol of B,Hg and 0.46 mmol
of BF; in 8.6 mL of toluene was added 3.88 mmol of CO. The
solution which was stirred at room temperature for 20.5 h re-
mained colorless. No hydrocarbon products were isolated after
the protolysis, separation, and neutralization steps.

Elevated Pressure Reaction (J). To a 0.40-mmol sample
of Mn(CH3)(CO); in a Fischer-Porter pressure vessel were added
8 mL of toluene, 0.43 mmol of BF;, and 1.14 mmol of B,Hg on
a vacuum line. The reaction mixture was warmed to room tem-
perature and pressurized with CO (4.1 atm). Stirring for 61 h
at room temperature was followed by removal of CO and frac-
tionation and neutralization of products to produce a 2% yield
of hydrocarbons. After protolysis of the remaining solution a
second product separation and neutralization resulted in a 5.6%
yield of hydrocarbons. Sublimation of the yellow solid left after
solvent removal yielded Mn,(CO),, which accounted for 40% of
the original manganese.

Labeling Experiments (K). To 0.429 mmol of Mn(CH3)(CO);
in 8.6 mL of toluene were added 0.44 mmol of BFg, 1.27 mmol
of ByDg, and 4.58 mmol of CO. Stirring the reaction for 37 h was
followed by product separation and neutralization to produce a
2.5% yield of hydrocarbons. Protolysis of the remaining solution
followed by neutralization and fractionation of products produced
a 2.8% yield of hydrocarbons. A trace of ethyl acetate was
identified by GC-MS analysis of the remaining solution.

(L). To a 0.1 M toluene solution of Mn(CH,)(CO)s (0.433
mmol) were added 0.9 mmol of B,Dg, 2.01 mmol of THF, and 1.45
mmol of CO. After the reaction was stirred 38.5 h the CO was
removed and the reaction was neutralized with 1.8 mmol of
pyridine. Upon product separation <10% yield of hydrocarbons
was obtained. An IR of the remaining solid in toluene showed
the presence of Mny(CO),,.

(M). Toa 0.1 M toluene solution of Mn(CH,3)(CO); (0.73 mmol)
were added 3.0 mmol of THF-dg, 1.49 mmol of B,Hg, and 1.09
mmol of CO. The reaction was stirred at room temperature for
3 days. Analysis of the noncondensible gases showed 1.3% CH,
based on Mn charged. Neutralization of the excess diborane with
3.7 mmol of pyridine was followed by product separation at -78°
C

(N). To a solution of 0.38 mmol of Mn(CHj)g(CO); in 7.7 mL
of toluene were added boron trifluoride (0.40 mmol), diborane
(1.36 mmol), and 3CO (4.17 mmol). After being stirred at room
temperature for 24 h, the mixture was frozen and methanol (3.4
mmol) and HCI (12.8 mmol) were added, and stirring was con-
tinued for 40 h at room temperature. The yield of hydrocarbons
which were volatile at =78 °C was less than 12%. GC-MS of the
remaining liquid phase showed the presence of ethanol, ethyl

chloride, and 1,1-dichloroethane.

Reactions with (n°-C;H;)Fe(CH;)(CO), (0). To a 0.05 M
toluene solution of (1°-CsHs)Fe(CHj3)(CO), (0.365 mmol) were
added 0.38 mmol of BFj, 1.1 mmol of B,Hy, and 3.34 mmol of CO.
The reaction was stirred 65 h. Analysis of the noncondensable
gases before and after protolysis showed 3.6 and 4.8% CH,, re-
spectively. After product separation and neutralization, the
hydrocarbon yield was found to be 13% (based on Fe). An IR
of a toluene solution of the product remaining after removal of
all volatiles indicated the presence of (7°-C;H;)Fe(C1)(CO),.

Reaction P was run as described for (O) but in the absence of
BF; (see Table I). Analysis for CH, before and after addition
of HCl showed yields of 18% and 31% (based on Fe), respectively.
No other hydrocarbon products were isolated, and the organo-
metallic product was determined by IR to be (*-C;H;)Fe(C1)(CO),.

CO-Uptake Experiment (Q). Diborane (1.58 mmol), THF
(3.58 mmol), and CO (1.68 mmol) were added to a 0.1 M toluene
solution of Mn(CHj3)(CO); (0.476 mmol) in the tensimeter, and
the reaction mixture was equilibrated at 18.8 °C. After the
reaction was stirred for 5.5 days, 0.944 mmol of H, (2 equiv based
on Mn charged), 1.37 mmol of CO (2.9 equiv based on Mn), and
a trace of CH, were collected.

Alternate Solvent Systems. In an attempt to find & system
with solubility properties better than toluene, several chlorocarbon
and ether solvents were explored. In general the solubility in the
chlorocarbons, CH,Cl,, C¢H;Cl, and 0-CsH,Cl,, was no better than
in toluene. Although the solubility in THF, diglyme, and dioxane
was good, solvent cleavage and production of interfering hydro-
carbons precluded further study.

Results

Hydrocarbons of varying chain length and degree of
saturation were isolated as products of the reduction re-
action (eq 6). The yields and product distribution depend

co HCl
Mn(CHa)(CO)a + B2H6 —_— —sz

hydrocarbons
toluene

(6)

on the reaction conditions, Table I. In all cases where
gaseous products were isolated before and after the reac-
tion with HCl, the products before protolysis were found
to be saturated and those isolated after protolysis were
unsaturated. Typically the hydrocarbon yield decreased
with increasing chain length, C, > C; > C,, and the C,
products were detected only by GC-MS.

Reactions with Mn(CH;)(CO);. For reaction A, in
which 3.7 equiv of diborane was employed, the products
were found to be ethylene, ethane, and propylene in a total
yield of 13% (Table I). Butylene and isobutane were
detected by mass spectrometry. When the amount of
diborane was increased to 6 equiv (reaction B), the product
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yield increased to 27% and the formation of C; products
was enhanced. In both reaction A and reaction B the
production of unsaturated vs. saturated products was fa-
vored, and in neither case was propane detected.

Because BF; is known to promote the CO insertion re-
action for Mn(CHj3)(CO);,!" several reactions were run in
the presence of 1 equiv of this strong Lewis acid. Reaction
C in Table I, with 3 equiv of diborane and 1 equiv of BF;,
produced a 2.3% yield of the hydrocarbons—ethylene,
ethane, propylene, and propane. The reactions in which
BF; was employed show a marked difference in product
distribution. Compared with reactions A and B, these
reactions favored formation of the saturated products
ethane and propane, as well as longer chain hydrocarbons
as evidenced by a lower C,/Cj ratio.

To test whether BF; was acting catalytically or stoi-
chiometrically in these systems, reaction E was run with
less than 1 equiv of BF;/Mn. The distribution of saturated
vs. unsaturated products was intermediate between the
reactions with and without BF; (reactions B and D). The
total yield was low and the high C,/C; ratio resembled the
reactions without BF;, but the presence of propane and
a large ethane/ethylene ratio showed that BF; played a
role similar to that in reactions C and D.

To check the role of the CO atmosphere, two reactions
were set up without added CO (reactions F and G). In
both reactions (without and with BF;) not only was the
yield low (3.8 and 2.4%, respectively), but also the C,/C,q
ratio was very large and only traces of C, products were
detected by GC. The differences observed between the
reactions with and without BF; again were apparent as the
BF;-containing reaction tended toward formation of sat-
urated products.

Because a CO atmosphere enhanced product formation,
reactions at elevated CO pressures were explored. Reaction
J contained 1 equiv of BF; and was run at a CO pressure
of 4.1 atm. The isolated gaseous products were ethylene,
ethane, propylene, and propane. Compared with the
analogous lower pressure reaction (C), the product yield
was better, though the C,/C; ratios were comparable. The
major difference is seen in the much larger production of
ethylene relative to ethane and propylene relative to
propane.

An experiment performed according to eq 7 (reaction
Q) indicated 2.9 mol of CO were consumed per mol of
Mn(CH,3)(CO); after 5.5 days. This is a minimum value
for CO uptake because a small amount of noncondensable
methane was also present in the remaining CO.

co
toluene

Mn(CH,)(CO); + 6.6BH;THF

products 7)

In order to check possible sources of hydrocarbons other
than the proposed insertion-reduction reaction, two ex-
periments were run—one without diborane and one with-
out a metal complex. In the first (reaction H), Mn(C-
H3)(CO)s reacted with BF; under a CO atmosphere to form
initially the cyclic adduct, which added CO to precipitate
a noticeable amount of the fully saturated adduct. Acid
treatment of these adducts produced a 2.3% yield of
ethylene as well as a considerable amount of ethyl acetate,
the expected product of acid cleavage of a metal acetyl (eq
8).

Cco

Mn(CH3)(CO)5 + BF3 toluene
Mn(C(OBF3)CH3)(CO)s(1) +

— HCl
Mn(C(OBFF)CHy)(CO)s —

C,H, + CH4CO,C,H; (8)

Stimson and Shriver

A blank reaction was performed to check reagent purity
(reaction I, eq 9), and workup procedures were run as in
a typical reduction reaction. The only products detected
by GC were the trace CO, and C,H, impurities known to
be present in the HCL

o HCl
BF; + 3B,H; “ohe” odon” Mo hydrocarbons 9
2415

Reactions with (n5-C;H;)Fe(CH;)(CO),. The (n*-
Cs;H;)Fe(CH;)(CO), system provides an interesting com-
parison to Mn(CH;)(CO);. The unassisted CO insertion
reaction for this iron complex is not observable at subat-
mospheric pressures of CO and at room temperature; but
with BF; as promoter, the insertion occurs immediately
as in the manganese reaction.!” The (n*-C;H;)Fe(CH;)-
(CO), in the presence of BF; (reaction O) under inser-
tion-reduction conditions produced a 13% yield of
hydrocarbons—ethylene, ethane, propylene, and propane.
Approximately equal amounts of methane were detected
in the noncondensable gases before and after protolysis
to give a total yield of 8.4% (based on Fe complex charge).
The major difference between this reaction and that of
Mn(CH,)(CO); (reaction C) was the high yield of ethylene
relative to ethane and the slightly lower yield of the C,
products in the iron reaction.

In a similar reaction of (1°-C;H;)Fe(CH,)(CO), without
added BF; (reaction P) no chain growth was observed. The
only product isolated was methane in yields of 18 and 31%
before and after addition of acid, respectively.

Isotopic Labeling Experiments. Diborane as the
source of hydrogen in the products was confirmed by
deuterium-labeling experiments with BD;THF and B,Ds.
The acid cleavage step was omitted in reaction to L (in
which BD;-THF was used), and the major hydrocarbon
products were CH;CD; and CH;CD,CD, as detected by
GC-MS. The mass spectrum also showed the presence of
lower molecular weight ethanes and propanes as well as
traces of propane-dg, -d;, and -dg, but relative amounts
could not be determined from this low-resolution spectrum.
The presence of traces of C;Hg and C3Hg resulting from
THF cleavage also could not be ruled out. Interference
due to the decomposition of THF was clearly seen in an
analogous reaction with BHy;THF-dg (reaction M). The
products in this reaction were CyHg, CsHjg, C3D;, and traces
of C;Hy, n-C,Hy, and i-C H,;. Ethane was the major
product, and the propanes were present in approximately
equal amounts. Gaseous products from a second experi-
ment with the labeled reducing agent B,D; (reaction K)
were analyzed by high-resolution mass spectrometry. The
data obtained for ethane and propylene showed the fol-
lowing isotopic distributions: C,HD; (<1%), C.H;D,
(42%), C;H D, (43%), C,H;D (12'), and C,H; (2%); Cs-
H;D; (trace), C3H, D, (trace), and C;HgD (100%). There
is a discrepancy, however, in the propylene data. In a
second analysis of reaction K, a GC-MS of the reaction
solution (after product separation) showed the presence
of propylene-d;, and qualitative analysis of the mass
spectrum suggests the d, and d, species were also pro-
duced.

The same reaction performed in an atmosphere of 1*CO
produced hydrocarbons containing varying amounts of 3C
(reaction N). The separation and analysis were done by
GC-MS and the relative abundance of each isotopic species
was determined from the low-resolution mass spectrum by
simultaneous equations. The results showed no 3C in-
corporation in the C, product (C,Hg = 100%); but a sub-
stantial amount of *C appeared in the C; products: CyH,
(68%), ¥CC,H, (32%), CoHy (41%), BCC,H, (29%),
13C,CH;g (29%), and 3C,H; (1.6%).





Mn(CO);(CHy) and (- CsH;)Fe(CO)y(CH3)

Oxygenated Products. The low hydrocarbon yields
of these reactions suggest that a substantial amount of
product is remaining in solution, perhaps in a partially
reduced state. If a metal acyl or its Lewis acid adduct
remains after the reduction step, the acid cleavage in
ethanol would produce the corresponding ethyl ester, as
described by Johnson and Pearson? for a metal acyl and
as seen in reaction H for a Lewis acid adduct. GC analyses
of the solutions remaining after separation of the gaseous
products in reactions B and D show small amounts (<5%)
of ethyl propionate. A GC-MS analysis of the solution
from reaction K shows ethyl acetate and from reaction N
shows ethanol, ethyl chloride, and 1,1-dichloroethane. The
absence of esters in reaction N is likely due to the limited
amount of methanol employed in the cleavage reaction.
The alcohol in these reactions also is consumed by the
boron products in the formation of B{OR)3. In reaction
R, B(OCHj,); is confirmed by GC-MS. The C, products
from reaction N, ethanol, ethyl chloride, and 1,1-di-
chloroethane, show no 13C incorporation in agreement with
the observed 100% yield of nonlabeled ethane in the
gaseous fraction. The mass spectrum analysis of the eth-
anol from a reaction employing B,Dg as reducing agent
shows no incorporation of deuterium, indicating that the
product of the initial insertion is not reduced by diborane;
instead, it reacts with the HCI to form ethanol. Another
case of ethanol formation from the protolysis of C- and
O-bonded acetyl was recently reported.?

Discussion

Both Mn(CH,)(CO), and (%-CsH;)Fe(CH,) (CO), react
in the presence of CO, diborane, and BF; to form alkanes
and olefins up to C,, as well as some partially reduced
oxygenated products. The isotopic labeling studies confirm
that the hydrocarbons are products of the reduction of CO
by diborane, and the *CO- and CO-uptake experiments
show that gaseous CO is incorporated into these products.
The presence of BF; significantly alters the product dis-
tribution in the Mn(CO);(CH;) system, and in the (5°-
C;H;)Fe(CO),(CHj,) reactions, BF; is necessary for any
chain growth to occur. The reaction is clearly more com-
plicated than originally proposed in eq 5. One apparent
side reaction is the production of saturated hydrocarbons
before acid cleavage of the reaction mixture. It is probable
that borane promotes alkane formation from a metal alkyl
complex either by direct reaction or through formation of
an intermediate metal hydride. For example, borane at-
tack on a metal cetner,? followed by alkane elimination
from a four-membered ring intermediate (II), may account

M«
l
B..

II

for the direct production of saturated hydrocarbons. A
similar reaction may also explain methane formation be-
fore cleavage in the (n°-C;H;)Fe(CH3)(CO),~B,H—CO
system with no added BF;, where no evidence of chain
growth is observed. Alternatively, a metal hydride or
hydrido alkyl may react intra- or intermolecularly to
produce alkane products.”” Metal hydride formation was
observed in the initial report of metal acetyl reduction by
diborane.

LM+ R

i
!
HpB: - -H

(24) Johnson, R. W.; Pearson, R. G. Inorg. Chem. 1971, 10, 2091.

(25) Longato, B.; Norton, J. R.; Huffman, J. C.; Marsella, J. A.;
Caulton, K. G. J. Am. Chem. Soc., 1981, 103, 209.

(26) Parshall, G. W. J. Am. Chem. Soc. 1964, 86, 361.
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A second obvious complexity in the reaction is the
production of a significant proportion of unsaturated hy-
drocarbons in the protolytic workup of the reaction mix-
ture. Scheme I outlines one possible mechanism to explain
the formation of unsaturates only after protolysis. In-
complete reduction of the metal acyl could produce an
intermediate such as III. The action of HCI on this par-
tially reduced species would eliminate “HOBH,” and form
a cationic carbene IV. Rearrangement of the carbene to
a w-bound olefin complex (V) and subsequent olefin elim-
ination may account for the unsaturated products. Trace
amounts of alkanes also are observed after acid addition
and may arise from acid cleavage of a metal alkyl (VI), or
they may simply to be the result of an incomplete initial
product separation.

The mechanism described by Scheme I allows for chain
growth via CO insertion, formation of saturated hydro-
carbons before and after HCI addition, and production of
alkenes after protolysis. The route of alkene products
involving cationic carbene and olefin intermediates does
have precedence in the literature. Though the information
on neutral carbenes is more abundant,?®?® stable cationic
carbenes also have been isolated®®?! or proposed as in-
termediates in olefin metathesis.?* Evidence for carbene
rearrangement is found in the decomposition of W(C(C-
H;)C:H;)(CO); to styrene which is proposed to occur via
an olefin complex.?? Rearrangement of a cationic carbene
to olefin is suggested by the reaction of (3°-C;H:)Fe(e-
C;Hg)(CO), with acid to produce [(n°-CsH;)Fe(CH;CH=
CH,)(CO),]*.%

If the initial methyl migration is the slow step in the
reaction, addition of 1 equiv of BF; as promoter should
overcome this barrier by formation of the cyclic adduct

Mn{(C(OBFF,)CH;)(CO),. This strong Lewis acid signif-
icantly alters the product distribution; thus it appears to
participate in the reaction beyond the first insertion step.
With BF; in the system, the hydride source may no longer
be diborane but some product of a BF;/B,Hg redistribu-
tion reaction. The redistribution product, BF,H, report-
edly is obtained by heating BF; and B,H; at 100 °C for
16 h.® This exchange reaction also occurs under less

(28) Friedrich, P.; Besl, G.; Fischer, E. O. J. Organomet. Chem. 1977,
99, 6099. Schrock, R. R. Acc. Chem. Res. 1979, 12, 98. Ofele, K. Angew.
Chem., Int. Ed. Engl. 1968, 7, 950.

(29) Casey, C. P.; Albin, L. D.; Burkhardt, T. J. J. Am. Chem. Soc.
1977, 99, 2533.

(30) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99, 6099.

(31) Sanders, A.; Cohen, L.; Giering, W. P.; Kennedy, D.; Magatti, C.
V. dJ. Am. Chem. Soc. 1973, 95, 5430.

(32) Greenlee, W. S.; Farona, M. F, Inorg. Chem. 1976, 15, 2129.

(33) Cutler, A.; Fish, R. W,; Giering, W. P.; Rosenblum, M. J. Am.
Chem. Soc. 1972, 94, 4354,
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vigorous conditions when BCls, BBrs, or oxygenated
products such as ether or methanol are present as cata-
lysts.% The acetyl group formed in the present system
may catalyze this exchange; thus BF,H, a strong Lewis acid
as well as potential hydride donor, could be the active
species.

The initial reaction in the BF;-containing system as
described in Scheme II may be the very fast Lewis acid
assisted CO insertion to form VII. This cyclic adduct can
either add CO to precipitate VIII or undergo H/F ex-
change with diborane to produce IX. Hydride addition
across the CO double bond would yield X, which can
further react with BF,;H or acid to form saturated and
unsaturated hydrocarbons as proposed in Scheme 1.

An unproductive side reaction occurring in the BF;-
containing reactions is the formation of insoluble VIII
(isolated and characterized by infrared). This solid adduct
disappears during the course of the reaction, indicating a
slight solubility in toluene or dissociation of CO or BF; to
give toluene-soluble VII or Mn(CH;)(CO);, respectively.

The change in product distribution observed when BF,
is added to the system may be due to the change in Lewis
acid strength of the active species. In both reactions
(without and with BF;) the proposed first steps are adduct
formation and addition across the CO double bond, pro-
ducing intermediates II and X, respectively. At this point
the reactions diverge. In the absence of BF; the major C,
product is ethylene, indicating that intermediate III re-
mains in solution (without further reaction with B,Hg)
until HCl is added (Scheme I). In contrast, ethane is
preferentially formed when BF; (or BF.H) is present. In
this proposed reaction, intermediate X does not remain
in solutions, instead it reacts with a second molecule of
BF,H producing ethane via an ethyl complex. The Lewis
acidity of BF,H may be enough greater than that of B,H,
to enhance the second attack at intermediate X, thus ac-
counting for the preferential formation of saturated over
unsaturated products. The same argument with the
analogous C; intermediates also would explain the for-
mation of propane in the BF; reactions when none is de-
tected in the absence of BF,. ‘

The possibility that the reaction might be run with
catalytic quantities of BF; is discounted by reaction E
where less than 1 equiv of BF; is used. The product dis-

(34) Coyle, T. D.; Cooper, J.; Ritter, J. J. Inorg. Chem. 1968, 7, 1014.
Cueilleron, J.; Reymonet, J. Bull. Soc. Chim. Fr. 1967, 1370.
(35) Cueilleron, J.; Dazard, J. Bull. Soc. Chim. Fr. 1970, 1741.
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tribution is intermediate between the reactions without
and with 1 equiv of BF;, indicating that both mechanisms
{Scheme I and II) are operative.

The higher yields of alkenes relative to alkanes in the
elevated pressure reaction J, compared with reaction C,
also can be explained according to Scheme II. In the
proposed mechanism intermediate X can react either with
acid forming ethylene, or with BF,H forming the ethyl
compound. Under CO pressure the equilibrium between
alkyl and acyl complexes will favor the latter and thus
lower the alkane yields result from cleavage of the metal
alkyls. .

Hydrocarbon Source. Several experiments have been
performed to check whether the hydrocarbons are true
products of the metal-based reduction of CO rather than
impurities or the products of solvent degradation. Reac-
tant purity has been checked in a blank reaction (reaction
I, no metal) run under conditions similar to reaction C and
no hydrocarbons are isolated. Reaction H is a potential
hydrocarbon source via an alternate mechanism. In this

reaction without diborane, both adducts Mn(C(OBFF,)-
CHj)(CO), and Mn(C(OBF;)CH,)(CO); are present, and
the acid cleavage step does produce a small amount (2.3%)
of ethylene. There are two pieces of evidence, however,
that suggest this reaction is not important under the
present reduction conditions. First, ethylene is the major
product in the reactions without BFy; and, second, in the
BF;-containing reactions only trace amounts of ethylene
are produced («<2%).

The labeling experiments with B,D; and *CO provide
the most convincing evidence that the observed hydro-
carbons do not arise from an extraneous source, although
the isotopic distribution in the products is not entirely
consistent with a simple mechanism of successive CO in-
sertion and reduction. If the mechanisms outlined in
Schemes I and II are operative, then a reaction with B,D,
should produce the alkanes CH;CD3, CH,CD,CD,, etc. and
alkenes (after addition of HC1) CH,CHD, CH;CD=CD,,
etc. (providing that no exchange reactions are occurring
concurrently). Also according to the proposed mechanisms,
if chain growth occurs solely through successive alkyl
migrations, a reaction run under an atmosphere of 3CO
should show incorporation of 3C only in the C; (and
higher) products. The mechanism for alkyl migration calls
for 25% !3C in the C, products on the basis of a nonfluc-
tional intermediate and migration of the alkyl group to one
of four cis carbonyls (eq 10).%6

130
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In the initial deuterium labeling experiments with
BD3THF (and BH;THF-d), the products ethane and
propane were analyzed by GC-MS. The mass spectrom-
etry data indicate the predominant species in each case
is CoH3D3 and C3H;3Ds, as expected if the mechanism of

(36) Noack, K.; Calderazzo, F. J. Organomet. Chem. 1967, 10, 101.
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Scheme I is operative. The low-resolution mass spec-
trometry data, however, do not allow clear analysis of lower
molecular weight products (containing less deuterium),
although their presence is determined by qualitative in-
terpretation of the spectra.

Although there is a disparity between the high-resolution
and GC mass spectrometry data, both sets of results in-
dicate some production of hydrocarbons containing less
deuterium than predicted by Schemes I and II. For the
saturated products isolated before HCl addition, the excess
hydrogen must come from either the starting methyl
complex or the solvent. The results for ethane show ap-
proximately equal amounts of d; and d; products, both of
which may be formed according to Scheme 1I, differeing
only in the cleavage step. While the d; species may arise
from borane cleavage of the ethyl complex, the d, product
may be the result of an interaction between the ethyl
complex and a second metal alkyl or hydride. For example,
B-H elimination from Mn(CD,CH,)(CO); or the less likely
a-H elimination from Mn(CH,CH,)(CO); would produce
a metal hydride, thus supplying the final hydrogen in the
alkane products.

The low-resolution mass spectrometry data on propylene
indicate the d, species is important, even if not the only
product as suggested by the high-resolution mass spectrum
results. Formation of propylene-d,, after HCI addition,
may occur by a deviation of Scheme II in which the acid
supplies the excess hydrogens. Insertion of CO into the
metal carbene bond of an intermediate such as IV would
produce a C; fragment containing only one borane hy-
drogen (deuterium).’” Subsequent reaction with HCl

would give propylene-d;. Alternatively, any unsaturate has
the potential to recoordinate and undergo H/D exchange
at a Mn center, but this type of reaction is not likely to
be specific to one product.

The results of the *CO experiment definitely show that
the mechanisms proposed in Schemes I and II cannot
account for all observed products. As predicted by an
insertion-reduction mechanism the ethane contains no *C.
However, the C; products do not conform quite as well.
The isotopic distribution in propylene (68% *CC,Hg, 32%
C3Hp) is close to that expected (75% CC,Hg, 25% C,Hj);
but the propane products show a much greater incorpo-
ration of 13CO.

The reaction between Mn(CH;)(CO); and BF, forming
cyclic adduct VII is very fast and can account for the C,
products with no 12C, but this initial interaction cannot
be the chain building step responsible for propanes con-
taining more than one °C. It is likely that several mech-
anisms are operative in the production of hydrocarbons.
The intermediates VII and IX may offer possible routes
to an enriched molecule either by labilizing the terminal
carbonyls or by providing an open coordination site on the
metal.
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Cp*Li (Cp* = °5-CsMe;) reacts with ZrCl, in toluene to form (Cp*ZrCly),. The trialkyls Cp*ZrR; (R
= CHj,, CH,Ph, Ph), the dialkyl Cp*ZrCl(CHj),, and the alkyls (Cp*ZrCL,R), (R = CH;, CH,Ph) are prepared
via the treatment of (Cp*ZrCl;), with a stoichiometric amount of RMgX. Cp*Zr(BH,),;, prepared from
(Cp*ZrCly), and LiBH,, is treated with N(CHj3); to afford [Cp*Zr(H)(BH,) (u-H)],. “Mixed” ring complexes
were also prepared: Cp*CpZrCl,, Cp*(Melnd)ZrCl, (Melnd = 1-methylindenyl), Cp*Cp’ZrCl, (Cp’ =
1,2 4-trimethylcyclopentadienyl), Cp*CpZr(CHs),, Cp*(Melnd)Zr(CHy),, Cp*Cp’Zr(CHy),, (Cp*CpZrHy),,

and Cp*Cp’ZrH,.

Introduction

The chemistry of dicyclopentadienyl'? and bis(penta-
methyleyclopentadienyl) zirconium hydrides®* and alkyls
has been explored extensively, yet the corresponding re-
activity of the cyclopentadienylzirconium moiety (CpZr)
has thus far received little attention. Several complexes
containing the CpZr unit have been synthesized, but vir-
tually all of these contain Zr-O, Zr-N, or Zr-X (X = F,
C], Br, I) bonds.! Few monocyclopentadienylzirconium
complexes containing Zr-C or Zr-H bonds have been
characterized, although tetraalkylzirconium species® and
Zr(BH,) % are well-known. In general, the aforementioned

tContribution No. 6576.

dicyclopentadienylzirconium compounds are conveniently
prepared from the readily available dichloride Cp,ZrCl,.
CpZrCly, a logical starting material for the preparation of
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Scheme I is operative. The low-resolution mass spec-
trometry data, however, do not allow clear analysis of lower
molecular weight products (containing less deuterium),
although their presence is determined by qualitative in-
terpretation of the spectra.

Although there is a disparity between the high-resolution
and GC mass spectrometry data, both sets of results in-
dicate some production of hydrocarbons containing less
deuterium than predicted by Schemes I and II. For the
saturated products isolated before HCl addition, the excess
hydrogen must come from either the starting methyl
complex or the solvent. The results for ethane show ap-
proximately equal amounts of d; and d; products, both of
which may be formed according to Scheme 1I, differeing
only in the cleavage step. While the d; species may arise
from borane cleavage of the ethyl complex, the d, product
may be the result of an interaction between the ethyl
complex and a second metal alkyl or hydride. For example,
B-H elimination from Mn(CD,CH,)(CO); or the less likely
a-H elimination from Mn(CH,CH,)(CO); would produce
a metal hydride, thus supplying the final hydrogen in the
alkane products.

The low-resolution mass spectrometry data on propylene
indicate the d, species is important, even if not the only
product as suggested by the high-resolution mass spectrum
results. Formation of propylene-d,, after HCI addition,
may occur by a deviation of Scheme II in which the acid
supplies the excess hydrogens. Insertion of CO into the
metal carbene bond of an intermediate such as IV would
produce a C; fragment containing only one borane hy-
drogen (deuterium).’” Subsequent reaction with HCl

would give propylene-d;. Alternatively, any unsaturate has
the potential to recoordinate and undergo H/D exchange
at a Mn center, but this type of reaction is not likely to
be specific to one product.

The results of the *CO experiment definitely show that
the mechanisms proposed in Schemes I and II cannot
account for all observed products. As predicted by an
insertion-reduction mechanism the ethane contains no *C.
However, the C; products do not conform quite as well.
The isotopic distribution in propylene (68% *CC,Hg, 32%
C3Hp) is close to that expected (75% CC,Hg, 25% C,Hj);
but the propane products show a much greater incorpo-
ration of 13CO.

The reaction between Mn(CH;)(CO); and BF, forming
cyclic adduct VII is very fast and can account for the C,
products with no 12C, but this initial interaction cannot
be the chain building step responsible for propanes con-
taining more than one °C. It is likely that several mech-
anisms are operative in the production of hydrocarbons.
The intermediates VII and IX may offer possible routes
to an enriched molecule either by labilizing the terminal
carbonyls or by providing an open coordination site on the
metal.
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= CHj,, CH,Ph, Ph), the dialkyl Cp*ZrCl(CHj),, and the alkyls (Cp*ZrCL,R), (R = CH;, CH,Ph) are prepared
via the treatment of (Cp*ZrCl;), with a stoichiometric amount of RMgX. Cp*Zr(BH,),;, prepared from
(Cp*ZrCly), and LiBH,, is treated with N(CHj3); to afford [Cp*Zr(H)(BH,) (u-H)],. “Mixed” ring complexes
were also prepared: Cp*CpZrCl,, Cp*(Melnd)ZrCl, (Melnd = 1-methylindenyl), Cp*Cp’ZrCl, (Cp’ =
1,2 4-trimethylcyclopentadienyl), Cp*CpZr(CHs),, Cp*(Melnd)Zr(CHy),, Cp*Cp’Zr(CHy),, (Cp*CpZrHy),,

and Cp*Cp’ZrH,.

Introduction

The chemistry of dicyclopentadienyl'? and bis(penta-
methyleyclopentadienyl) zirconium hydrides®* and alkyls
has been explored extensively, yet the corresponding re-
activity of the cyclopentadienylzirconium moiety (CpZr)
has thus far received little attention. Several complexes
containing the CpZr unit have been synthesized, but vir-
tually all of these contain Zr-O, Zr-N, or Zr-X (X = F,
C], Br, I) bonds.! Few monocyclopentadienylzirconium
complexes containing Zr-C or Zr-H bonds have been
characterized, although tetraalkylzirconium species® and
Zr(BH,) % are well-known. In general, the aforementioned

tContribution No. 6576.

dicyclopentadienylzirconium compounds are conveniently
prepared from the readily available dichloride Cp,ZrCl,.
CpZrCly, a logical starting material for the preparation of

(1) Wailes, P. .C,; Coutts, R. S. P.; Weigold, H. “Organometallic
Chemistry of Titanium, Zirconium, and Hafnium”; Academic Press: New
York, 1974.

(2) Schwartz, J.; Labinger, J. A. Angew. Chem., Int. Ed. Engl. 1976,
15, 33.

(8) Wolczanski, P. T.; Bercaw, J. E. Acc. Chem. Res. 1980, 13, 121 and
references therein.

(4) Bercaw, J. E. Adv. Chem. Ser. 1978, No. 167, 136.

(5) (a) Davidson, P. J.; Lappert, M. F.; Pearce, R. Acc. Chem. Res.
1974, 7, 209. (b) Schrock, R. R.; Parshall, G. W. Chem. Reuv. 1976, 76, 243.
(c) Davidson, P. J.; Lappert, M. F.; Pearce, R. Chem. Rev. 1976, 76, 219.

(6) James, B. D.; Smith, D. E. Synth. React. Inorg. Met.-Org. Chem.
1974, 4, 461.
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monocyclopentadienylzirconium hydrides and alkyls may
be synthesized via the reaction of ZrCl, and Cp,Mg in
reasonable yield;” however, CpZrCl, is not yet commercially
available, so that the development of its chemistry has
been slower.

Recently Wengrovius and Schrock have reported (pen-
tamethylcyclopentadienyl)zirconium trichloride
(Cp*ZrCly), and neopentyl derivatives.® Concurrently,
Blenkers, De Liefde Meijer, and Teuben have reported
another covenient preparation of (Cp*ZrCly), and its
tris(allyl) derivatives.® Reported in this article are a
number of Cp*Zr derivatives and our synthesis of (pen-
tamethylcyclopentadienyl)zirconium trichloride, a variant
on that described by Blenkers et al.’® Various alkyl com-
plexes have been prepared by the reaction of 1 and al-
kylmagnesium halides. Tetrahydroborate and hydride
derivatives of (pentamethylcyclopentadienyl)zirconium
were also prepared, but attempts to generate Cp*ZrH;L,
were unsuccessful. (Cp*ZrCly), is also a convenient starting
material for the preparation of (pentamethylcyclo-
pentadienyl)cyclopentadienylzirconium complexes.

Results

Cp,*TiCl, is known to stoichiometrically transfer one
pentamethylcyclopentadienyl ligand to a molecule of TiCl,
in virtually quantitative yield to form Cp*TiCl,.1°
Therefore, the analogous cyclopentadienyl-chloride ex-
change reaction between Cp,*ZrCl,,'! a readily available
starting material, and ZrCl, was attempted. No indication
of a monopentamethylcyclopentadieny! species was de-
tected by 'H NMR, however, even when this mixture was
heated for prolonged periods in either THF or toluene.

A simple metathesis of either LiCp* or Cp*MgCl-THF
and ZrCl, resulted in the preparation of Cp*ZrCl, species
in a variety of solvents. When ethereal solvents or small
amounts of Lewis bases were present, the Cp*ZrCl; moiety
formed from the metathetical reactions was initially iso-
lated as an adduct. Even when only one molecule of the
THF per zirconium was present in the reaction in toluene
of Cp*MgCLTHF and ZrCl,, Cp*ZrCly THF was isolated
from solution. The subsequent sublimation of this adduct
at 160 °C in a dynamic vacuum (107 torr) still did not
wholly free the Cp*ZrCl; unit from the THF. When THF,
dimethoxyethane, diethyl ether, or triethylamine were
present, only weakly basic diethyl ether and bulky NEt,
could be completely removed by sublimation, as was ob-
served also by Wengrovious and Schrock.? The binding
of these solvent molecules about the zirconium center may
play an important role in preventing an additional attack
by a second pentamethylcyclopentadiene ligand.

Since it was suspected that these strongly bound bases
would interfere in ensuing reactions, an attempt was made
to generate Cp*ZrCl; in hydrocarbon solvents. Somewhat
surprisingly, (Cp*ZrCl;),(1) was smoothly prepared by
refluxing LiCp* and ZrCl, in toluene at 110 °C for 48 h,
according to eq 1. The 'H NMR of the crude reaction

LiCp* + ZrCl, — (Cp*ZrCly), + LiCl 1)
1

mixture reveals that virtually no Cp,*ZrCl, is obtained as

(7) Reid, A. F.; Wailes, P. C. J. Organomet. Chem. 1964, 2, 329.

(8) Wengrovious, J. R.; Schrock, R. R. J. Organomet. Chem. 1981, 205,
319.

(9) Blenkers, J.; De Liefde Meijer, H. J.; Teuben, J. H. J. Organomet.

Chem. 1981, 218, 383.

(10) DeBoer, E. J.; Grubbs, R. H., private communication.

(11) Manriquez, J. M.; McAlister, D. R.; Rosenberg, E.; Shiller, A. M.;
Williamson, K. L.; Chan, S. L; Bercaw, J. E. J. Am. Chem. Soc. 1978, 100,
3078.
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a byproduct. Unlike soluble, monomeric Cp*TiCl,,'? light
yellow 1 is difficult to crystallize from hydrocarbon solvents
and is thus formulated as an oligomer. Analytically pure
(Cp*ZrCl,), is obtained in 80% yield via sublimation of
the crude material at 160 °C (10™* torr). The “hard” Lewis
acid behavior of this complex is indicated not only by its
ability to form adducts with amines and ethers, but its
inability to cleanly form adducts with “softer” ligands such
as triphenylphosphine or bis(diphenylphosphino)ethane.

(Pentamethylcyclopentadienyl)zirconium trichloride (1)
is sufficiently soluble in toluene to cleanly react with excess
LiBH, (eq 2). The pure, white tris(tetrahydroborate)

(Cp*ZrCly), + LiBH, (excess) — Cp*Zr(BH,); + 3LiCl
1 2

(2)

complex Cp*Zr(BH,); (2) is isolated by crystallization from
petroleum ether in 82% yield. The infrared spectrum of
2 (Table I) indicates that each tetrahydroborate is bound
in a tridentate fashion about the zirconium.!® A typical
1Jugy coupling®® of 86 Hz is observed for the quartet (12
H) of broad resonances centered at § 1.39 in the 'TH NMR
spectrum. The tris(tetrahydroborate) reacts with CO over
a period of weeks at 80 °C to yield several unidentifiable
products; none contain fragments that might be construed
as occurring via a reduction of carbon monoxide.

Since the cleavage of BH; from tetrahydroborate com-
plexes by suitable ¢ donors is a common route to transition
metal hydride species,'4 2 was treated with both P(CH3),
and N(CH;);. Although trimethylphosphine effectively
cleaved BH; from 2, none of the zirconium-containing
products were cleanly isolable. When approximately 8-10
equiv of N(CHjy); reacts with Cp*Zr(BH,);, dimer 3 is

isolated from the toluene solution (eq 3). Repeated
200" Zr(BHa)s + (810 equiviNMey ~——=
2
HoB
2 \\HH\/H H
o> + 4HzBoNMes (3)
/ EH\
H
g,
3

crystallizations from petroleum ether afforded [Cp*Zr-
(BH,)H(u-H)); (3) in 40% yield as off-white prisms. The
IH NMR and IR spectra for 3 are given in Table I. The
IR spectrum clearly indicates the presence of a bidentate
tetrahydroborate ligand,'? one terminal hydride (v(Zr—H)
= 1628 cm™) and one bridging hydride (v(Zr-H-Zr) ~ 1450
cm™!, partially obscured by Nujol). The broad hydride
resonances'® are evident in the 'H NMR spectrum, but the
tetrahydroborate is apparently missing. A closer inspection
reveals a broad almost undetectable resonance centered
near § 1.3, which integrates as four hydrogens. The dimer
3 does not react with CO at 25 °C after 3 weeks, and, upon
heating, merely decomposes to a multitude of products.
[Cp*Zr(BH,)H(u-H)], (3) appears to polymerize ethylene;
however, the low rate of oligomerization may indicate trace
impurities are responsible.

(12) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1967, 8, 287.

(13) Marks, T. J.; Kolb, J. R. Chem. Rev. 1977, 77, 263.

(14) James, J. D.; Nauda, R. K.; Wallbridge, M. G. H. J. Chem. Soc.,
Chem. Commun. 1966, 849.

(15) In part, the broadness of these resonances is due to coupling
between Zr-H, and Zr-H,, as confirmed by decoupling experiments. One
cannot rule out possible !'B broadening.
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Compound 1 serves as a starting material for the syn-
thesis of a number of (pentamethylcyclopentadienyl)zir-
conium trialkyl complexes. (Cp*ZrCly), (1) reacts cleanly
with 3 equiv of CH;MgBr, PhCH,MgCl, or PhMgBr in
diethyl ether to form the trialkyl derivatives Cp*ZrRg
according to eq 4. Whereas analytically pure Cp*Zr-

SHMIBT o ZrlCHa)s + 3MgCIBr

4
* 3PhCHaMgC
o zrClal, 25 Cp*Ze(CHoPR)s + 3MGCl.  (4)
1 5
C * ~y

3hMgar p ZrPhz + 3MgliBr

6

(CH,Ph); (5) and Cp*Zr(Ph); (6) are obtained via crys-
tallization from petroleum ether, Cp*Zr(CHj), (4) is best
purified by a room-temperature sublimation of the crude
material onto a probe cooled to —20 °C.1¥ Compound 4
is thermally unstable as a solid, at 25 °C even under pure
N,, yet may be kept at —20 °C under N, for months.
Alkyl and dialkyl derivatives are also easily prepared
from (Cp*ZrCly), (1) and the appropriate Grignard reag-
ents. Two equivalents of CH;MgBr react with 1 to form
Cp*ZrCl(CHj;), (7) as indicated by eq 5. Although light

Et,0
(Cp*ZrCly), + 2CH;MgBr ——
1
Cp*ZrCl(CH,), + 2MgCIBr (5)
7

yellow 7 was crystallized from petroleum ether in good
yield (68%), it too is unstable and could not be analyzed.
(Cp*ZrCly), (1) also reacts with CH;MgBr and
PhCH,MgCl to form the monoalkyl complexes shown in
eq 6. Both 8 and 9 are sparingly soluble in toluene and,

(Cp ZrClplCHE) 1, + MCIBr
8

CH3zMgBr

(Cp*zrcb)x (6)

PhCHpMgCl N
[Cp” ZrCla(CHaPR)1, + MgCls

9

as reacton 6 indicates, may be oligomers, although defi-
nitive molecular weight studies have not been undertaken.
The benzyl complex 9 is crystallized from hot toluene, but
the methyl derivative 8 could not be entirely freed from
the magnesium dihalide via repeated crystallizations from
hdt benzene.!”

By monitoring the disappearance of the pentamethyl-
cyclopentadienyl singlet in the 'H NMR, crude estimates
of the relative thermal stabilities of the various alkyl
complexes were determined. At both 25 and 80 °C, the
order of stability for the trialkyl complexes is as follows:
5> 6 = 4.1 [Cp*ZrCl,(CHy)], (8) is stable for days in
solution at room temperature, while both Cp*Zr(CH,); (4)
and Cp*ZrCl(CHj), (7) were partially decomposed after
24 h.'® The only identifiable products (:H NMR) from

(16) CpTi(CHy); has been prepared in a similar fashion. Giannini, U.;
Cesca, S. Tetrahedron Lett. 1960, 19,

(17) The possibility of halogen exchange to form Cp*ZrCl, ,Br,(CHj)
cannot be ruled out.

(18) Defining t,,, as the time at which the Cp* resonance is half the
integral value ¢ = 0. at 25 °C £, ~ 25 h (4), 30 h (), and indefinite (5).
Under 3 atm of Hy, at 25 °C t;;, =~ 10 min (4), 20 min (10}, and 10 min
(4 + 2N(CHj3); and at 80 °C 1, ~ 4 h (8).
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the decomposition of the various Cp*ZrCl, R, . complexes
are the corresponding hydrocarbons RH.

The trialkyl derivatives 4, 5, and 6 are easily hydro-
genated;'®? again, the only identifiable products (H
NMR) are the respective hydrocarbons: methane, benzene,
and toluene. A large increase in the rate of decomposition
is observed, yet the order of stability remains the same as
in the thermal decompositions. Since no tractable zirco-
nium-containing species are formed in these hydrogena-
tions, phosphines were added in an attempt to trap and
stabilize the intermediates. Trimethylphosphine (P(CHy),)
and bis(dimethylphosphino)ethane (dmpe) were added in
the reaction of Cp*Zr(CH,;); (4) with dihydrogen in the
(vain) hope that the presumed Cp*ZrH; fragment might
be stabilized as Cp*ZrH;L,. Two equivalents of P(CH;)4
appear to bind to Cp*Zr(CH,); (4) (*H NMR) to form
Cp*Zr(CHj;)3(P(CHj,)s), (10), yet the decomposition rate
of this species under H, is barely slower than that of 4
alone. When dmpe is added to a solution of the trimethyl
derivative 4, Cp*Zr(CHj);dmpe (11) is isolated by crys-
tallization from petroleum ether. Although 11 is stable for
hours at 25 °C under 3 atm of H,, further heating results
in decomposition.

Since it is conceivable that the concentration of H, in
solution at 3 atm is too low to effectively trap intermediates
present during the hdyrogenation of 11, the reaction was
carried out under 95 atm of dihydrogen. Again, however,
no soluble zirconium hydride species were evident upon
workup of the high-pressure reaction mixture: only free
dmpe was identified by tH NMR. An insoluble grayish
precipitate was isolated, and its IR spectrum revealed the
presence of a pentamethylcyclopentadienyl ring and a
broad absorption ranging from 1350 to 1550 cm™. This
absorption may correspond to a melange of zirconium-
hydride stretches; thus the precipitate is formulated as
(Cp*ZrH,), (12).

Apparently, even dmpe cannot sufficiently stabilize the
Cp*ZrH; moiety with respect to oligomerization. When
borohydride dimer 3 is treated with dmpe, the 'H NMR
spectrum shows that the dimeric unit surprisingly remains
intact, and dmpe remains free in solution. Heating the
reaction mixture with dmpe appears to effect cleavage of
the remaining borohydride units of 3; however, a complex
mixture of products results.

(Cp*ZrCly), (1) is also a convenient starting material for
the synthesis of “mixed-ring” complexes of zirconium.
(Pentamethylcyclopentadienyl)cyclopentadienylzirconium
dichloride, Cp*CpZrCl, (13), is isolated in 83% yield after
2 days’ reflux in toluene of sodium cyclopentadienide and
1, according to eq 7. Lithium 1,2,4-trimethylcyclo-

(Cp*ZrCly), + NaCp — Cp*CpZrCl, + NaCl (7)
1 13

pentadienide (LiCp’) and lithium 1-methylindenide (LiMe-
Ind)# also react cleanly with 1 to form the corresponding
mixed-ring dichloride complexes 14 and 15 in good yield
as indicated by eq 8. All of the zirconium dichlorides are
converted to their dimethyl derivatives according to eq

(19) These stabilities are similar to those of R, ,CL,Ti (R- =
(CH,);SiCH,) observed by: Beilin, 8. I.; Boudarenko, G. N.; Vdorin, V.
M.; Dolgoplosk, B. A.; Markevich, I. N.; Nametkin, N. S.; Poletaev, V.
A.; Svergun, V. L; Sergeeva, M. B. Dokl. Akad. Nauk SSSR 1974, 218,
1347. However, they are opposite to those of R, ,Cl,Zr (R = CH,Ph).
See: Zucchini, U.; Albizzati, E.; Giannini, U. J. Organomet. Chem. 1971,
26, 3517.

(20) (a) Weigold, H.; Bell, A. P.; Willing, R. L. J. Organomet. Chem.
1974, 73, C23. (b) Couterier, S.; Gautheron, B. Ibid. 1978, 157, C61. (c)
Gell, K. L; Schwartz, J. J. Am. Chem. Soc. 1977, 100, 3246.

(21) Bis(indenyl) complexes are well known. See: Samuel, E.; Setton,
R. J. Organomet. Chem. 1965, 4, 1566. Samuel, E. Bull. Soc. Chim. Fr.
1966, 3548.
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/LCD, co"cp'zrcl,
cp zecty, 14

1 T

‘ _ ()
L
ZrClp
Cp'= ;QS/

9-11. Cp*CpZrCl, (13) reacts with 2 equiv of CH;MgBr
Cp*CpZrCl, + 2CH;MgBr —
13

Cp*CpZr(CHj,), + 2MgCIBr (9)
16

Cp
15

Cp*Cp’ZrCl, + 2CH;Li — Cp*Cp’Zr(CHj,), + 2LiCl
14 17

(10)
(MelInd)Cp*ZrCl, + 2CH,Li —
15

(MelInd)Cp*Zr(CHg), + 2LiCl (11)
18

in diethyl ether to form Cp*CpZr(CH,), (16) in 89% yield.
Both 14 and 15 were treated with 2 equiv of CH4Li, and
the corresponding dimethyl complexes 17 and 18 are ob-
tained in 77 and 85% yields, respectively. The methyl-
indenyl dimethyl compound 18 manifests its chirality via
an inequivalence of the Zr-CH, resonances in the 'H
NMR.

Preparation of (Cp*CpZrH,), (19) was carried out by
treatment of Cp*CpZrCl, with n-butyllithium in toluene
under 1 atm of H, (eq 12). Molecular weight measure-

LiC,H
2Cp*CpZrCl, —H—Q’ (Cp*CpZrH,), (12)
13 2 19

ments and IR data (v(Zr-H) at 1540 and 1270 cm™) are
indicative of a dimeric structure entirely analogous to that
established by Jones and Petersen for [(C;H,Me),ZrH,),.22
Cp*Cp’ZrH, (20) was prepared by treatment of
Cp*Cp’Zr(CHjy), (17) with Hy (80 atm) and isolated as a
yellow microcrystalline material from toluene in 70% vield.
In neither case could the Zr—-H resonance be identified in
!H NMR spectra at room temperature. Presumably
bridge-terminal exchange is occurring at intermediate rates
for 19, and an equilibrium between monomer and dimer
is established in concentrated solutions for 20. These
features have not yet been examined in detail, however.

Discussion

The convenient syntheses of (Cp*ZrCl;), (1) reported
here and elsewhere®? provide an inroad into the previously
unexplored chemistry of various mono(pentamethyl-
cyclopentadienyl)zirconium complexes. The ease of this
synthesis concomitant with the solubility and stability
properties inherent to compounds containing the penta-
methylcyclopentadienyl ring34 suggest that the chemistry
associated with 1 may be more promising than that of
CpZrCl;. Whereas Zr(CH3),* and Zr(Ph),* are unisolable,
decomposing rapidly above 0 °C, Cp*Zr(CHj,); (4) and
Cp*ZrPh; (6) are stable at 25 °C, thus allowing isolation

(22) Jones, S. B.; Petersen, J. L. Inorg. Chem. 1981, 20, 2889.

(23) Berthold, H. J.; Groh, G. Angew. Chem., Int. Ed. Engl. 1966, 5,
516,

(24) Razuvaerv, G. A,; Latyaeva, V. N.; Vishinskaya, L. I.; Rabinovitch,
A. M. J. Organomet. Chem. 1973, 49, 441.
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and purification. Although zirconium tetraalkyls con-
taining sterically encumbering groups such as benzyl,2
neopentyl, (trimethylsilyl)methyl,?® and 1-norbornyl?” have
been isolated, the addition of the pentamethylcyclo-
pentadienyl group undoubtedly contributes a great deal
of stability to the coordinatively unsaturated polyalkyls
herein described (Cp*ZrR4, R = CH, (4), CH,Ph (5), Ph
(6)).

The preparation of [Cp*Zr(BH)H(u-H)1, (3) is appar-
ently the first synthesis of a zirconium hydride complex
containing less than two cyclopentadienyl ligands. Un-
fortunately, the ensuing reaction chemistry of this species
appears to be minimal. The Zr-H bonds of 3 are hydridic
as expected, yet 3 fails to effect the reduction of carbon
monoxide, contrary to the chemistry observed for
Cp,*ZrH,,3 (Cp,ZrHC)),,?® Cp,ZrH(u-H),(AICH,CH-
(CHgy)o(u-C1),® and Cp,*ZrHF.2® A plausible explanation
for this lack of reactivity may lie in the inability of the
tetrahydroborate dimer 3 to effectively bind CO. The
extremely “hard” Lewis acid zirconium center of 3 may be
inappropriate for a strong o donation from CO, and the
geometry of its hydride ligands may prevent the back-
bonding believed to be operative for Cp,*ZrH,(C0O).** The
ligation of CO by d° zirconium complexes may be a key
step in the aforementioned reductions of carbon monoxide.

Ethylene was not directly observed to insert into the
Zr-H bonds of [Cp*Zr(BH,)H (u-H)], (3); no zirconium-
ethyl species were evident in the 'H NMR. Since the
dimer 3 may be considered as a coordinatively unsaturated
16 € complex, a pathway for the formation of any ethyl
derivative is undoubtedly available. Therefore, the ther-
modynamics of such an insertion could be assumed to be
surprisingly unfavorable. This finding is in contrast to the
observed reactivities of (Cp,ZrHCl),,? Cp,*ZrHF,* and
Cpg*ZrH2.33

Regrettably, Cp*ZrHzdmpe could not be synthesized,
although a similar complex, Cp*TaH, dmpe, can be pre-
pared by the hydrogenation of Cp*Ta(CH;),* in the
presence of dmpe. The propensity of zirconium hydride
compounds to oligomerize has been well established.!?
Indeed, only one multiple hydride, Cp,*ZrH,, has been
shown to be monomeric.! This tendency to oligomerize
may be primarily responsible for the unsuccessful attempts
to synthesize Cp*ZrH dmpe. The strongly basic, bidentate
dmpe ligand is unable to overcome the bridging nature of
the Zr-H bond, although it is known to stabilize high
oxidation state hydrides of group 5, as indicated via the
preparations of NbH;(dmpe),* and TaH;(dmpe),.* The
combined steric bulk of the Cp* and dmpe ligands is less
than that of two pentamethylcyclopentadienyl ligands of
Cpy*ZrH,, which presumably prevent its oligomerization.
The mixed-ring dihydride derivatives (Cp*CpZrH,), and

(25) Zucchini, U.; Albizzati, E.; Giannini, U. J. Organomet. Chem.
1971, 26, 357.

(26) Davidson, P. J.; Lappert, M. F.; Pearce, R. J. Organomet. Chem.
1973, 57, 269.

(27) Bower, B. K.; Tennent, H. G. J. Am. Chem. Soc. 1972, 94, 2512.

(28) Fachinetti, G.; Floriani, C.; Roselli, A.; Pucci, S. J. Chem. Soc.,
Chem. Commun. 1978, 269.

(29) Schoer, L. 1; Schwartz, J. J. Am. Chem. Soc. 1977, 99, 5831.

(30) Cp,*ZrHF reacts with CO at elevated temperatures to afford
cis-(Cpy*ZrF),(u1-OCHCHO). Recall that 3 decomposed with CO present
at such temperatures. Curtis, C. J.; Bercaw, J. E., private communication.

(31) Marsella, J.; Curtis, C. J.; Bercaw, J. E.; Caulton, K. G. J. Am.
Chem. Soc. 1980, 102, 7244.

(32) Cpo*ZrHF reacts with ethylene to form Cp,*ZrF(CH,CH,).
Curtis, C. J.; Bercaw, J. E., private communication.

(33) McAlister, D. R.; Erwin, D. K.; Bercaw, J. E. J. Am. Chem. Soc.
1978, 100, 5966.

(34) Mayer, J. M.; Bercaw, J. E. J. Am. Chem. Soc., in press.

(35) Schrock, R. R. J. Organomet. Chem. 1976, 121, 373.

(36) Tebbe, F. N. J. Am. Chem. Soc. 1973, 95, 5823.
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Table I. *H Nuclear Magnetic Resonance and IR Data (cm™)
compd solvent chem shift, 5
(Cp*ZrCl,), (1) benzene-d, C,(CH,), s 1.94
Cp*Zr(BH,), (2) benzene-d, C,(CHj;), ] 1.76
W Zr-(BH,),) = 2509, 2355, 2330, 2166, 2113 cm™! (BH ), q 1.89 (*J,p,; = 86 Hz)
[Cp*Zr(BH,)H(u-H)], (3) benzene-d, C,(CH,), s 2.14
W(Zr-BH,) = 2448, 2408, 2239, 2112, 2052, 1980 cm™* (BH,) br 3.0-0.0
w(Zr-H;)= 1628 Zr-H, s 3.91
v(Zr-Hy ) = 1350-1500 (br) Zr~Hy, s 1.31
Cp*Zr(CH,), (4) benzene-d, C,(CH,), s 1.76
(CH,), s 0.23
Cp*Zr(CH,Ph), (5) benzene-d, C,(CH,), ] 1.68
Zr(CH Ph)3 s 1.64
Ph, m (6 H) 6.52
m(9H) 7.52
Cp*ZrPh, (8) benzened, C,(CH,), s 1.86
h, m(9H) 7.13
m(6 H) 7.76
Cp*ZrCl(CH,), (7) benzene-d, C,(CH,), s 1.78
3 s 0.47
[Cp*ZrCl,(CH,)], (8) benzene-d, C,(CH,), ] 1.87
(CH,) s 0.88
[Cp*ZxCl,(CH,Ph)] (9) benzene-d, C,(CH,), s 1.80
Zr-CH,Ph s 2.23
Ph m 7.10
Cp*Zr(CH,),(P(CH,),), (10) benzene-d, C,CH.,), ] 1.86
(CH,), s ~0.04
(P(CH,),), s 0.86
Cp*Zr(CH,),((CH,),PCH,CH,P(CH,),) (11) benzene-d, C/(CH,), s 2.00
(CH,), s -0.68
PCH,CH,P d 1.39 (Jy,p = 13 Hz)
(P(CH,),), d 0.86 (Jslp = 4 Hz)
Cp*CpZrCl, (13) CDCl, s(CH,), s 2.02
Hs s 6.21
Cp*(1,2,4-(CH,),C,H,)ZrCl, (14)(Cp*Cp'ZxCl,) CDCl, C,(CH,), s 2.04
1,2<(CH,), s 1.98
4-(CH;) s 2.01
C.H, s 5.96
(Melnd)Cp*ZrCl, (15) CDCl, C,(CH,), s 2.02
Ind-CH, s 2.36
C, ring CH d 5.91 (J = 1.5 Hz)
C, ring CH d 5.93 (/= 1.5 Hz)
C, ring m(1H) 7.60
C, ring m(3H) 7.23
Cp*CpZr(CH,), (16) benzened, C(CH,), s 1.68
s 5.72
Zr (CH:,)2 s -0.38
Cp*(1,2,4-(CH,),C H,)Zr(CH,), (17) [Cp*Cp'Zr(CH,),]  benzened, C,(CH,), 3 1.78
1,2- (CH3)2 s 1.81
4- ( H.,), s 1.76
C, s 5.29
Zr (CH ) s -0.42
(MeInd)Cp*Zr(CH,), (18) benzene-d, C,(CH,), s 1.72
Ind-CH3 s 2.20
C, ring CH d 5.14 (/= 3 Hz)
C, ring CH d 5.21 (J = 3 Hz)
C, ring m(1H) 7.60
C, ring m (3 H) 7.17
Zx(CH,) s -0.50
Zr(CH,) s ~1.43
(Cp*CpZrH,), (19) benzene-d, C,(CH,), s 1.78
v(Zr-H) = 1540, 1270 cm™! $H, s 5.71
ZrH, not located
Cp*Cp'ZrH, (20) benzene-d, C,(CH,), s 2.00
»(Zyr-H)= 1585 cm™! C,H,(CH,)CH,), s 1.93
C,H,(CH,)CH,), s 2.27
C,H,(CH,XCH,), s 5.23
Zr not located

Cp*Cp’ZrH, also attest to the stability of hydride bridges
and the sensitivity of the degree of oligomerization to steric
bulk of the cyclopentadienyl ligands for this class of com-
pounds.

The reported results merely hint at the breadth of
chemistry available to the Cp*Zr moiety. Clearly, much
further study needs to be undertaken, particularly with
the potential Zr(II) chemistry which may evolve with the

2

synthesis of species such as Cp*ZrL,R. Considering the
wealth of reactivity mono(pentamethylcyclo-
pentadienyl)tantalum?® species exhibit, further exploration
into the corresponding zirconium systems is undoubtedly
warranted.

(37) Messerle, L. W.; Jennische, P.; Schrock, R. R.; Stucky, G. J. Am.
Chem. Soc. 1980, 102, 6744 and references therein.
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Experimental Section

General Considerations. All manipulations were performed
by using either glovebox or high vacuum line techniques. Solvent
were purified by vacuum transfer first from LiAlH, and then from
“titanocene”.®® NMR solvents, toluene-dy and benzene-dg
(Stohler, Inc.), were also purified by transfer from “titanocene”.
Hydrogen was passed over MnO on vermiculite and activated 4-A
molecular sieves.® Carbon monoxide was used directly from the
cylinder. The 1,2,4-trimethylcyclopentadiene, Cp’H, was prepared
via a literature procedure.®

'H NMR spectra were obtained by using Varian EM-390 and
T-60 spectrometers. Infrared spectra were recorded on Perkin-
Elmer 180 and Beckman 4240 spectrophotometers. Analyses and
molecular weight measurements were performed by the Alfred
Bernhardt Microanalytical Laboratory.

Reactions such as the hydrogen promoted decompositions were
conducted in sealed NMR tubes and monitored by 'H NMR
spectroscopy. A typical example is the reaction of Cp*Zr(CHj)s
(4), 2 equiv of P(CHg)3, and Hy: ca. 20 mg (0.074 mmol) of 4 were
transferred to an NMR tube sealed to a ground-glass joint and
fitted with a Teflon needle valve adapter. Benzene-dg (0.4 mL)
and P(CHj); (0.15 mmol) were distilled into the tube at 77 K. At
77 K, 700 torr of H, was introduced and the tube was sealed with
a torch.

Procedures. (1) (Cp*ZrCl,), (1). ZrCl, (6.3 g, 27 mmol) and
LiCp* (3.66 g, 25.7 mmol) were refluxed at 110 °C in toluene for
2 days. The toluene was pumped away, and the crude product
was transferred to a sublimator, where 1 sublimed at 160 °C (10~
torr) for 2 days. This material was then washed twice with 10-mL
portions of cold toluene and dried to yield 6.85 g of 1 (80% yield).
Anal. Caled for C,0H5ZrCly: C, 36.09, H, 4.54; Zr, 27.41. Found:
C, 35.96; H, 4.69; Zr, 27.45.

(2) Cp*Zr(BH,); (2). (Cp*ZrCly), (1) (1.00 g, 3.00 mmol) and
LiBH, (220 mg, 10.1 mmol) were placed in a flask along with 35
mL of toluene. After being stirred at 25 °C for 24 h, the solution
was filtered and the toluene stripped. Crystallization from cold
petroleum ether yielded 670 mg of 2 (82% yield). Anal. Caled
for CygHy;BsZr: C, 44.32; H, 10.01; Zr, 33.66. Found: C, 44.07;
H, 9.95; Zr, 33.48.

(3) [Cp*Zr(BH,)H(p-H)]; (3). Cp*Zr(BH,); (2) (360 mg, 2.32
mmol) was added to a flask with 30 mL of toluene. N(CHj); (19
mmol) was distilled in at ~78 °C. After the solution was stirred
at 25 °C for 2 days, the toluene was replaced with petroleum ether.
The green-gray precipitate was filtered from the forest green
solution and washed three times with 3-mL portions of cold
petroleum ether. The solid was then pumped on for 4 h to remove
residual (CH;);N-BH;. The gray solid was then crystallized from
hot benzene to yield the off-white [Cp*Zr(BH,)H(u-H)], in 43%
yield (286 mg). Anal. Caled for CooHsBoZry: C, 49.37; H, 8.70;
B, 4.44; Zr, 37.49. Found: C, 49.39; H, 8.11; B, 4.28; Zr, 37.48.

(4) Cp*Zr(CH;); (4). The trichloride 1 (2 g, 6.00 mmol) was
placed in a flask with 65 mL of diethyl ether. A 6.9 mL (20.7
mmol) portion of CH;MgBr (3.0 M) in diethyl ether was syringed
in at —78 °C. The reaction mixture was allowed to warm to 25
°C over a period of 4 h. After the brown solution was stirred for
2 h at 25 °C, the diethyl ether was removed and replaced with
60 mL of petroleum ether. The brown solution was filtered, and
the precipitate was washed five times with 10-mL portions of
petroleum ether. The solvent was removed, and the brown
crystalline mass was transferred to a small sublimator. Pure white
4 sublimed at 25 °C (107 torr) completely within 12 h (1.26 g,
77% yield).

(5) Cp*Zr(CH,Ph); (5). Procedure 4 was followed except 11
mL (19.8 mmol) of PhCH,MgCl (1.8 M in THF) was used.
Crystallization from petroleum ether afforded 1.95 g of bright
yellow 5 (65% vield). Anal. Caled for CsHgeZr: C, 74.49; H, 7.26.
Found: C, 74.24; H, 7.16.

(6) Cp*ZrPh, (6). Procedure 4 was followed except 300 mg
(0.90 mmol) of 1 and 1 mL (3.2 mmol) of PhMgBr (3.2 M in diethyl

(38) Marvich, R. H.; Brintzinger, H. H. J. Am. Chem. Soc. 1971, 93,
2046.

(39) Brown, T. L.; Dickerhoff, D. W.; Bafus, D. A.; Morgan, G. L. Rev.
Seci. Instrum. 1962, 33, 491.

(40) Conia, J.-M.; Lerivenend, M.-L. Bull. Soc. Chim. Fr. 1970, 2981.
Ranganayakulu, K.; Sorenson, T. 8. Can. J. Chem. 1972, 50, 3534.

Wolczanski and Bercaw

ether) were mixed in 25 mL of Et,0. Crystallization from pe-
troleum ether afforded 259 mg of white 6 (60% yield). Anal. Caled
for CogHyeZr: C, 73.46; H, 6.61. Found: C, 73.20; H, 6.73.

(7) CpZrC1(CHj;), (7). Procedure 4 was followed except 1 g
(3.0 mmol) of 1 and 2.2 mL (6.6 mmol) of CH;MgBr (3.0 M in
Et;0) reacted in 40 mL of diethyl ether. Crystallization from
petroleum ether afforded 550 mg of light yellow 7 (63% yield).

(8) [Cp*ZrCly(CH,)], (8). (Cp*ZrCly), (1; 1 g, 3.00 mmol) and
CH;3MgBr (1.1 mL, 3.2 mmol of 2.9 M in Et,0) were combined
as in procedure 4. The diethyl ether was replaced with toluene,
and the reaction mixture was filtered. The precipitate on the frit
was washed four times with 10-mL portions of toluene, and the
solvent was removed from the filtrate. The resulting crude 8 was
taken up in toluene (or benzene) and filtered. Crystallization from
toluene yielded 560 mg of yellow 8 (60% yield). The analysis
indicated that the product still contained some magnesium salt,
but a partial halogen exchange of Br for Cl could not be ruled
out. Anal. Caled for C;;HsCloZr: C, 42.29; H, 5.81. Found: C,
37.89; H, 5.05.

(9) [Cp*ZrCl1,(CH,Ph)], (9). Procedure 8 was followed except
500 mg of 1 (1.50 mmol) and 2.5 mL (1.55 mmol) of PhCH,MgCl
(0.62 M in Et,0) were stirred in 40 ml of diethyl ether. Crys-
tallization from toluene yielded 355 mg of bright orange 9 (60%
yield). Anal. Caled for Ci,H,,ClZr: C, 52.56; H, 5.71. Found:
C, 52.36; H, 5.62.

(10) Cp*Zr(CH;)sdmpe (11). Cp*Zr(CHj); (4) (330 mg, 1.22
mmol) and 0.21 mL (185 mg, 1.25 mmol) of dmpe (density ~ 0.9
g/mL) were combined in 20 mL of toluene. 'H NMR shows that
11 forms quantitatively. The solution was stirred in a 150-mL
glass bomb pressured with 3 atm of H,. After 2 days the toluene
was removed and replaced with petroleum ether. The solution
was then filtered and concentrated to yield 103 mg of crystallized
11. No products besides dmpe were identified by 'H NMR of
the filtrate. Anal. Caled for C;oHP,Zr: C, 54.11; H, 9.56. Found:
C, 53.95; H, 9.42.

(11) Hydrogenation of 11 (95 atm). In a stainless-steel Parr
high-pressure apparatus, 600 mg of Cp*Zr(CHj); (4) (2.21 mmol)
and dmpe (0.38 mL, 332 mg, 2.3 mmol) were combined in 45 mL
of toluene. H, (95 atm) was then introduced, and the reaction
mixture was vigorously stirred for 24 h (final pressure 83 atm).
The bomb was depressurized and opened. The resulting clear
yellow solution was transferred to a flask. As the transfer occurred,
the solution turned dark green. As the toluene was removed, a
gray material precipitated. Petroleum ether was then added, and
the gray precipitate (Cp*ZrHj), was collected. Anal. Calcd for
CyoHisZr: C, 52.34; H, 7.91. Found: C, 52.20; H, 7.88. Free dmpe
was identified in the filtrate.

(12) Cp*CpZrCl, (13). (Cp*ZrCly), (1) (5 g, 15.02 mmol) and
NaCp (1.52 g, 17.26 mmol) were placed in a flask with 45 mL of
toluene and heated for 2 days at 110 °C. The toluene was then
removed, and about 40 mL of CH,Cl, was added along with 20
mL of 4 M HCl. The CH,Cl, layer was separated and combined
four times with 15-mL CH,Cl, extracts of the aqueous layer. The
CH,Cl, solution was then dried over MgSO,. Crystallization from
CH,Cl,/petroleum ether afforded yellow 13 in 83% yield (4.55
g). Anal. Caled for C;;HyoCloZr: C, 49.71; H, 5.56. Found: C,
49.83; H, 5.69.

(13) Cp*Cp’ZrCl, (14). Procedure 12 was followed except
LiCp’ (2 g, 17.5 mmol) was heated with 1 for 3.5 days. Crys-
tallization from CH,Cl,/petroleum ether afforded 4.06 g of bright
yellow 14 (67% yield). Anal. Caled for Ci;gHpsClyZr: C, 53.44;
H, 6.48. Found: C, 53.51; H, 6.39.

(14) 1-Methylindene. 1-Indanone (Aldrich, 5 g, 37.83 mmol)
in 25 mL of Et,0 was added dropwise to 40 mmol of CH;MgBr
in 75 mL of Et,0 at 0 °C. Following a standard workup, 250 mg
of p-toluenesulfonic acid was added to a 50 mL of diethyl ether
solution containing 1-hydroxyl-1-methylindene. After the solution
was stirred for 1 h and a standard workup was followed, 1-
methylindene was distilled at 85-88 °C (10 torr) to yield 3.24 g
of the pure indene (66% yield): 'H NMR (CDCl,) 8 2.13 (m, 3,
CH,), 3.23 (m, 2, CHy), 6.13 (m, 1, =CH), 7.05-7.45 (m, 4, CcH,).
All couplings were less than 2 Hz.

(15) (MeInd)Cp*ZrCl, (15). Procedure 12 was followed except
5.88 g (17.66 mmol) of 1 was heated in toluene with 2.88 g (21.2
mmol) of Li(Melnd) for 5.5 days at 120 °C. Crystallization from
CH,Cl,/petroleum ether afforded 3.86 g of 15 (51% yield). The
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workup of procedure 12 should be carried out quickly, as 15 is
subject to hydrolysis.

(16) Cp*CpZr(CHj;), (16). Cp*CpZrCl; (13) (1 g, 2.76 mmol)
was placed in a flask with 40 mL of Et,0. A 1.9-mL portion of
3.0 M CH;MgBr (5.7 mmol) in Et,0 was syringed into the flask
at —78 °C. The flask was warmed to 25 °C and stirred for 6 h.
The diethyl ether was removed, and 30 mL of petroleum ether
was added. The resulting slurry was filtered and the MgBrCl
washed five times with 10 mL of cold petroleum ether. Crys-
tallization from petroleum ether afforded 790 mg of white 16 (89%
yield). Anal. Caled for Ci;HgeZr: C, 63.49; H, 8.15. Found: C,
63.64; H, 8.06.

(17) Cp*Cp'Zr(CH;); (17). Procedure 16 was followed except
that 1 g of Cp*Cp’ZrCl, (14) (2.47 mmol) and 3.1 mL (5.5 mmol)
of 1.8 M CH,Li were used. Crystallization from petroleum ether
afforded 690 mg of white 17 (76% yield). Anal. Caled for
CqoHsgZr: C, 66.05; H, 8.87. Found: C, 66.01; H, 8.71.

(18) (Melnd)Cp*Zr(CH;), (18). Procedure 16 was followed
except that 1 g of (MeInd)Cp*ZrCl, (15) (2.34 mmol) and 3 mL
(5.4 mmol) of 1.8 M CH;Li were combined. Upon removal of the
petroleum ether, 790 mg of oily yellow 18 crystallized (87% yield).

(19) (Cp*CpZrH,), (19). A 1.0-g sample of 13 in 20 mL of
toluene was treated with 2.2 equiv of BuLi (1.6 M in hexane) at
-80 °C under H, (1 atm). The mixture was stirred and allowed
to warm to room temperature. After 2 h toluene was removed
in vacuo, and 20 mL of petroleum ether distilled in. After filtration

the solution was concentrated and cooled slowly to —80 °C. The
white crystals were filtered off at -80 °C and washed with small
portions of petroleum ether; yield 31%. Anal. Caled for CisHyoZr:
C, 61.37; H, 7.55. Found: C, 61.65; H, 7.40. Molecular weight
(Bernhardt): 606; calculated for monomer, 294.

(20) Cp*Cp’ZrH; (20). To a stainless-steel Parr high-pressure
apparatus, 500 mg of Cp*Cp’Zr(CHj,), (17) (1.37 mmol) of 40 mL
of toluene were added. H, (80 atm) was then introduced, and
the reaction mixture was vigorously stirred for 24 h (final pressure
75 atm). The bomb was depressurized and opened. The yellow
solution was then filtered, and the solvent was stripped. Petroleum
ether was added, and 390 mg of pale yellow, microcrystalline 20
was collected on a frit (85% yield). Anal. Calcd for C gHyeZr:
C, 64.41; H, 8.41. Found: C, 64.27; H, 8.32. Molecular weight
(Bernhardt): 342; calculated for monomer, 336.
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The reactions of Li[(CHj);Cs] and [(CH;);C5]MgCl with the alkyl aluminum halides [(CHj),AlICl],,
[(C,H,),AICI],, [CoHSAICL],, [(i-C Hy),AICl,, and [(i-C Hg)AICL,], are reported. The new compounds
[(CHy);C;AL(CHR], (R = CHjg, C;Hj;, and i-C,Hy) have been isolated and characterized by mass, infrared,
and 'H and 3C NMR spectroscopy. In addition, the complexes [(CHj);C;Al1(C)CH;], and
[(CH3)sCsAl(CD) (i-C Hy)], have been subjected to single-crystal X-ray structural analysis. [(CH,).C5Al-
(C)CHj], (1) crystallizes in the monoclinic space group P2,/c with a = 8.550 (2) A, b = 8.917 (3) i, c=
16.012 (7) A, 8 = 104.65 (2)°, Z = 2, V = 1181.1 (7) A%, and p = 1.20 g cm™3. Data were collected at -65
°C by using Mo Ka radiation, and full-matrix least-squares refinement converged with final discrepancy
indices Ry = 0.061 and R,y = 0.092. The complex [(CH;);CsAl(C1)(i-C,Hg)]; (3) crystallizes in the monoclinic
space group P2, /n with a = 13.040 (6) A, b = 8.928 (2) A, ¢ = 13.083 (3) K 8 =98.06 (3)°,Z =2, V=1508.3
9) A3, and p = 1.12 g cm™3, Data were collected at 27 °C by using Mo Ka radiation, and full-matrix
least-squares refinement converged with final discrepancy indices Ry = 0.075 and R,p = 0.095. The dimeric
molecules possess C;,—1 symmetry and nearly conform to Cy,—2m symmetry. The structures reveal unusual
planar, 7°-(CHg);C; ring attachments to the central Al,Cl, units. In 1, the C; ring—Al interatomic distances
are 2.100 (3), 2.252 (3), 2.282 (3), 2.499 (3), and 2.518 (3) A. The last two distances are considered to be
nonbonding distances. In 3, the related distances are 2.096 (9), 2.359 (8), 2.243 (8), 2.616 (9), and 2.563
(9) A. Several structural parameters suggest greater nonbonded or steric repulsions in 3 compared to 1
which result in a distortion toward an »? configuration. Nonparameterized molecular orbital calculations
have been used to help clarify the bonding mode observed in these compounds.

Introduction

The structural chemistry of cyclopentadienide and cy-
clopentadienyl complexes of the transition metals has been
extensively studied,? and metal atom-Cp ring bonding is

(1) To whom correspondence should be addressed.
(2) Haaland, A. Acc. Chem. Res. 1979, 12, 415 and references therein.

well understood for the %% and 5! coordination modes.??
On the other hand, relatively little attention has been given
to the synthesis and structural characterization of met-

(3) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729.

(4) Anh, N. T.; Elian, M.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
110.

(5) Mingos, D. M. P. Adv. Organomet. Chem. 1976, 15, 1.
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workup of procedure 12 should be carried out quickly, as 15 is
subject to hydrolysis.

(16) Cp*CpZr(CHj;), (16). Cp*CpZrCl; (13) (1 g, 2.76 mmol)
was placed in a flask with 40 mL of Et,0. A 1.9-mL portion of
3.0 M CH;MgBr (5.7 mmol) in Et,0 was syringed into the flask
at —78 °C. The flask was warmed to 25 °C and stirred for 6 h.
The diethyl ether was removed, and 30 mL of petroleum ether
was added. The resulting slurry was filtered and the MgBrCl
washed five times with 10 mL of cold petroleum ether. Crys-
tallization from petroleum ether afforded 790 mg of white 16 (89%
yield). Anal. Caled for Ci;HgeZr: C, 63.49; H, 8.15. Found: C,
63.64; H, 8.06.

(17) Cp*Cp'Zr(CH;); (17). Procedure 16 was followed except
that 1 g of Cp*Cp’ZrCl, (14) (2.47 mmol) and 3.1 mL (5.5 mmol)
of 1.8 M CH,Li were used. Crystallization from petroleum ether
afforded 690 mg of white 17 (76% yield). Anal. Caled for
CqoHsgZr: C, 66.05; H, 8.87. Found: C, 66.01; H, 8.71.

(18) (Melnd)Cp*Zr(CH;), (18). Procedure 16 was followed
except that 1 g of (MeInd)Cp*ZrCl, (15) (2.34 mmol) and 3 mL
(5.4 mmol) of 1.8 M CH;Li were combined. Upon removal of the
petroleum ether, 790 mg of oily yellow 18 crystallized (87% yield).

(19) (Cp*CpZrH,), (19). A 1.0-g sample of 13 in 20 mL of
toluene was treated with 2.2 equiv of BuLi (1.6 M in hexane) at
-80 °C under H, (1 atm). The mixture was stirred and allowed
to warm to room temperature. After 2 h toluene was removed
in vacuo, and 20 mL of petroleum ether distilled in. After filtration

the solution was concentrated and cooled slowly to —80 °C. The
white crystals were filtered off at -80 °C and washed with small
portions of petroleum ether; yield 31%. Anal. Caled for CisHyoZr:
C, 61.37; H, 7.55. Found: C, 61.65; H, 7.40. Molecular weight
(Bernhardt): 606; calculated for monomer, 294.

(20) Cp*Cp’ZrH; (20). To a stainless-steel Parr high-pressure
apparatus, 500 mg of Cp*Cp’Zr(CHj,), (17) (1.37 mmol) of 40 mL
of toluene were added. H, (80 atm) was then introduced, and
the reaction mixture was vigorously stirred for 24 h (final pressure
75 atm). The bomb was depressurized and opened. The yellow
solution was then filtered, and the solvent was stripped. Petroleum
ether was added, and 390 mg of pale yellow, microcrystalline 20
was collected on a frit (85% yield). Anal. Calcd for C gHyeZr:
C, 64.41; H, 8.41. Found: C, 64.27; H, 8.32. Molecular weight
(Bernhardt): 342; calculated for monomer, 336.
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16.012 (7) A, 8 = 104.65 (2)°, Z = 2, V = 1181.1 (7) A%, and p = 1.20 g cm™3. Data were collected at -65
°C by using Mo Ka radiation, and full-matrix least-squares refinement converged with final discrepancy
indices Ry = 0.061 and R,y = 0.092. The complex [(CH;);CsAl(C1)(i-C,Hg)]; (3) crystallizes in the monoclinic
space group P2, /n with a = 13.040 (6) A, b = 8.928 (2) A, ¢ = 13.083 (3) K 8 =98.06 (3)°,Z =2, V=1508.3
9) A3, and p = 1.12 g cm™3, Data were collected at 27 °C by using Mo Ka radiation, and full-matrix
least-squares refinement converged with final discrepancy indices Ry = 0.075 and R,p = 0.095. The dimeric
molecules possess C;,—1 symmetry and nearly conform to Cy,—2m symmetry. The structures reveal unusual
planar, 7°-(CHg);C; ring attachments to the central Al,Cl, units. In 1, the C; ring—Al interatomic distances
are 2.100 (3), 2.252 (3), 2.282 (3), 2.499 (3), and 2.518 (3) A. The last two distances are considered to be
nonbonding distances. In 3, the related distances are 2.096 (9), 2.359 (8), 2.243 (8), 2.616 (9), and 2.563
(9) A. Several structural parameters suggest greater nonbonded or steric repulsions in 3 compared to 1
which result in a distortion toward an »? configuration. Nonparameterized molecular orbital calculations
have been used to help clarify the bonding mode observed in these compounds.

Introduction

The structural chemistry of cyclopentadienide and cy-
clopentadienyl complexes of the transition metals has been
extensively studied,? and metal atom-Cp ring bonding is

(1) To whom correspondence should be addressed.
(2) Haaland, A. Acc. Chem. Res. 1979, 12, 415 and references therein.

well understood for the %% and 5! coordination modes.??
On the other hand, relatively little attention has been given
to the synthesis and structural characterization of met-

(3) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729.

(4) Anh, N. T.; Elian, M.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
110.

(5) Mingos, D. M. P. Adv. Organomet. Chem. 1976, 15, 1.
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al-Cp compounds containing intermediate ring hapticities.’
Similarly, the structures and bounding in nonmetal cy-
clopentadienide compounds have been unevenly studied.
The predominant hapticity, as indicated by spectroscopic
data, is 7! with examples provided by B(C,H;),Cp,’
H,CCp,? M(CH;);Cp (M = Si, Ge, Sn),? PF,Cp,!%! and
AsCp;.12 Each of these compounds is reported to undergo
fluxional rearrangements (1,2 or 1,3 shifts) at 25 °C, and
the dynamics of these motions have been studied by NMR
techniques.’® A few reports of 7°-Cp coordination in
gaseous molecules containing metalloid elements T1Cp,'
InCp,'s and PbCp,!® have appeared, and several examples
of solid-state structures containing bridging »!- or #*-Cp
rings also exist.!” The occurrence of intermediate hap-
ticities and “slipped” ring configurations in nonmetal or
metalloid cyclopentadienide compounds, on the other
hand, appears to be rare. Two examples of slipped ring
configurations are provided by CpSnCI*® and
[(CHy)5C5)5Sn.

The interactions of aluminum atoms with olefins, and
the Cp ligand in particular, are of interest in the structural
context described above as well as with relation to the
nature of carbalumination reactions.?*? The isolation??
and spectroscopic detection® of several aluminum-olefin
and aluminum-acetylene complexes provide some evidence
for the operation of 7 bonding in carbalumination reaction
transients. However, the -7 bonding character in the
interaction of aluminum atoms with cyclopentadienide has
remained unclear. In 1961, Giannini and Cesca® reported

(6) Casey, C. P.; Jones, W. D. J. Am. Chem. Soc. 1980, 102, 6156.
Huttner, G.; Britzinger, H. H.; Bell, L. G.; Friedrich, P.; Bejenke, V,;
Neugebauer, D. J. Organomet. Chem. 1978, 145, 329. Cotton, F. A,;
Rusholme, G. A. J. Am. Chem. Soc. 1972, 94, 402. Calderon, J. L.; Cotton,
F. A.; Legzdens, P. Ibid. 1969, 91, 2528.

(7) Grundke, H.; Paetzold, P. I. Chem. Ber. 1971, 104, 1136.

(8) Sergeyev, N. M. Prog. Nucl. Magn. Reson. Spectrosc. 19783, 9, 71.

(9) Davison, A.; Rakita, P. E. Inorg. Chem. 1970, 9, 289.

(10) Benthan, J. E.; Ebsworth, E. A. V.; Moretto, H.; Rankin, D. W.
H. Angew. Chem. 1972, 84, 640.

. 8(11) Paine, R. T'; Light, R. W.; Maier, D. E. Inorg. Chem. 1979, 18,
368.

(12) Deubzer, B.; Elian, M.; Fischer, E. O.; Fritz, H. P. Chem. Ber.
1970, 103, 799.

(13) A review of this topic has been presented: Cotton, F. A. “Dynamic
Nuclear Magnetic Resonance Spectroscopy”; Jackman, L. M., Cotton, F.
A., Eds.; Academic Press: New York, 1975.

(14) Tyler, J. K,; Cox, A. P.; Sheridan, J. Nature (London) 1959, 183,
1182,

(15) Shibota, S.; Bartell, L. S.; Gavin, R. M. J. Chem. Phys. 1964, 41,
717.

(16) Almenningen, A.; Haaland, A.; Motzfeidt, T. J. Organomet.
Chem. 1967, 7, 97.

(17) Frasson, E.; Menegus, F.; Panattoni, C. Nature (London) 1963,
199, 1087. Einstein, F. W. B.; Gilbert, M. M.,; Tuck, D. G. Inorg. Chem.
1972, 11, 2832. Panattoni, C.; Bombieri, G.; Croatto, U. Acta Crystallogr.
1966, 21, 823.

(18) Bos, K. D.; Buiten, E. J.; Noltes, J. G. J. Organomet. Chem. 1975,
99, 71.

(19) Jutzi, P.; Kohl, F.; Hofmann, P.; Kiiger, C.; Tsay, Y. Chem. Ber.
1980, 113, 757.

(20) Mole, T.; Jeffrey, E. A. “Organoaluminum Compounds”; Elsevier:
New York, 1972.

(21) Several references to this topic are found in: Zeigler, K.
“Organometallic Chemistry”; Zeiss, H., Ed.; Reinhold: New York, 1960.
Eisch, J. J. Adv. Organomet. Chem. 1977, 16, 67. Oliver, J. P. Ibid. 1977,
16, 111, Koster, R.; Binger, R. Adv. Inorg. Chem. Radiochem. 1965, 7,
263. Richards, D. H. Chem. Soc. Rev. 1977, 6, 235. Egger, K. W.; Cocks,
A.T.J. Am. Chem. Soc. 1972, 94, 1810.

(22) Dolzine, T. W.; Oliver, J. P. J. Am. Chem. Soc. 1974, 96, 1737,
Stucky, G. D.; McPherson, A. M.; Rhine, W. E.; Eisch, J. J.; Considine,
J. L. Ibid. 1974, 96, 1941,

(23) Kasai, P. H.; McLeod, D., Jr.; Watanabe, T. J. Am. Chem. Soc.
1977, 99, 3521. Kasai, P.; McLeod, D., Jr. Ibid. 1975, 97, 5609.

(24) Giannini, N.; Cesca, S. Gazz. Chim. Ital. 1961, 91, 597.
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a reaction of NaCp with [Al(C,H;),Cl],, and the proposed
product Al(C,H;),Cp was determined to be dimeric in
benzene solution. Subsequent variable-temperature 'H
NMR studies by Kroll and Naegele® were used to assign
a dynamic 7' Cp-Al coordination geometry for a series of
R,AICD compounds. Infrared spectroscopic analysis of
solid-(CHg);AlCp by Haaland alternatively suggested a #°
Al-Cp interaction;® however, electron diffraction analysis
of gaseous (CH,),AlCp was found to be most consistent
with an 7% or %° configuration.?’ Molecular orbital cal-
culations indicated that rotational barriers to exchange,
72 <> 33 < 9% should be low.2® Lastly, Haaland and co-
workers reported that vibrational spectra for R,AlCp
compounds in nonpolar solvents were more consistent with
7% or n° structures.”? These intriguing structural ambi-
quities and a general interest in the nature of aluminum-
olefin compounds led us to investigate the interactions of
aluminum alkyl fragments and cyclopentadieny! ligands.®
We report here the syntheses and characterization of
several new aluminum pentamethylcyclopentadienyl com-
pounds, structure determinations for [((CHj)sCs)Al(C-
H;)Cl); and [((CHj3);C;)Al(i-C Hg)Cl],, and molecular or-
bital analysis for a simplified model compound [(C;H,)-
Al(CH,)Cl],.

Experimental Section

General Information. Standard vacuum and inert atmo-
sphere synthetic techniques were used for the manipulations of
all reagents and products. Mass spectra were recorded on a Du
Pont Model 21-491 spectrometer operating at 70 eV using a solids
probe (source temperature 80 °C). Infrared spectra were recorded
from KBr pellets with a Perkin-Elmer Model 621 spectrometer,
and calibrations were accomplished by using polystyrene film
absorptions. The NMR spectra were recorded on a Varian X1.-100
NMR spectrometer operating at 25.2 MHz (}3C) and 100 MHz
(*H). Some 'H spectra also were recorded on Varian FT-80A and
Varian EM-360 spectrometers. Samples for the X1-100 spec-
trometer were contained in 5-mm tubes rigidly held by Teflon
spacers in a 12-mm tube containing a deuterated lock solvent.
Samples for the FT-80 spectrometer were confined in 5-mm tubes
containing an internal deuterated lock solvent. The spectra
standard was (CH;),Si (13C, H).

Materials. The alkyl aluminum halides were purchased from
Ethyl Corp. and Ventron Corp. and they were used without further
purification. Pentamethylcyclopentadiene was prepared by lit-
erature methods® or purchased from Strem Chemicals Inc.
n-Butyllithium was purchased from Aldrich Chemical Co. and
isopropylmagnesium chloride was purchased from Ventron Corp.
The solvents were rigorously dried by standard methods, stored
over nitrogen, and vacuum distilled prior to the preparation of
the reagent mixtures.

Pentamethyleyclopentadienide (Cp*) reagents were prepared
immediately prior to the syntheses of the aluminum compounds.
Solvent-free Cp*MgCl was obtained from the reaction of (i-
Pr)MgCl with Cp*H in boiling toluene. The resulting orange
slurry was used directly in the syntheses described below. Cp*Li
was prepared by the reaction of n-butyllithium and Cp*H in THF,
toluene, or hexane. The spongy white solid also was used directly
in the syntheses of the aluminum compounds.

Preparation of [Cp*Al(CH;)Cl],, 1. Typically, 10 mmol of
[(CHjy),AlCl]; were combined with 20 mmol of Cp*MgCl under

(25) Kroll, W. R.; Naegele, W. Chem. Commun. 1969, 246. Kroll, W.
R.; McDivitt, J. R.; Naegele, W. Inorg. Nucl. Chem. Lett. 1969, 5, 973.

(26) Haaland, A.; Weidlein, J. J. Organomet. Chem. 1972, 40, 29.

(27) Drew, D. A.; Haaland, A. Acta. Chem. Scand. 1973, 27, 3735.

(28) Gropen, O.; Haaland, A. J. Organomet. Chem. 1975, 92, 157. The
electron diffraction data do not unambiguously favor the assigned n?
configuration; however, MO calculations suggested that the 7? structure
is ~4 kecal mol™ more stable than the »° structure.

(29) Stadelhofer, J.; Weidlein, J.; Fischer, P.; Haaland, A. J. Organo-
met. Chem. 1976, 116, 55.

(30) A preliminary report of this work has appeared: Schonberg, P.
R.; Paine, R. T.; Campana, C. F. J. Am. Chem. Soc. 1979, 101, 7726.

(31) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem. 1977, 136, 1.
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Table I. Experimental Data for the X-ray Diffraction Study of [Cp*Al(Me)Cl],, 1, and [Cp*Al(i-Bu)Cl],, 8

1

3

(A) Crystal Parameters

crystal system monoclinic
space group P2, /¢

a A 8.550 (2)
b, A 8.917 (3)
¢ A 16.012 (7)
g8, deg 104.65 (2)
V, A3 1181.1(7)
Z 2

mol wt 425.4
F(000) 456
p(caled), g em™® 1.20

monoclinic
P2, /n
13.040 (6)
8.928 (2)
13.083 (3)
98.06 (3)
1508.3 (9)
2

509.6

552

1.12

(B) Measurement of Intensity Data

diffractometer Syntex P3/F Syntex P3/F

radiation Mo Ka(X=0.71069 A) Mo Ka(r=0.71069 A)

monochromator highly oriented graphite crystal highly oriented graphite crystal

reflections measd *h, *k, 1 *h, *k, 1

26 range 3°-45° 3°-45°

temp, °C -65 27

scan type 6-26 6-26

scan speed, deg min™! 8.4-29.3 3.91-29.3

scan range from [26(Ka,) - 1.2]° to [20(Ke,) + 1.27° from [26(Ka,;)— 1.0]° to [26(Ka,) + 1.0]°

stationary crystal counter;
at beginning and end of
26 scan—each for half the
time taken for the 26 scan

bkgd measurement

standard reflections
reflections collected
reflections obsd

(I > 3a(l))
absorption coeff, em™' 3.6

2255 (65.1%)

dry nitrogen in toluene. The reaction mixture was shaken for
5 min and then filtered through a coarse frit Schlenk filter. The
collected filtrate was vacuum evaporated, leaving a colorless
crystalline solid and a small amount of yellow-orange oil. The
mixture was extracted with cold hexane; the majority of the
colorless crystalline solid was retained on the frit, and the yel-
low-orange oil was removed in the filtrate. The recovered yield
of 1 is about 50%.32 The solid sublimed with some decomposition
at 80 °C.

Alternatively, 1 was prepared from the combination of 10 mmol
of [(CH,3),AICl], and 20 mmol of Cp*Li in toluene. The mixture
was shaken for 10 min, and the yellow-orange slurry was filtered
through a coarse frit Schlenk filter. The crude product was
recovered by vacuum evaporation of the solvent and purified as
described above. The white crystalline solid is extremely air and
moisture sensitive, and decomposition is indicated by the for-
mation of a purple oil. The solid is soluble in benzene, toluene,
THF, and diethyl ether and slightly soluble in hexane: mass
spectrum, m/e (assignment, relative intensity) 232 (3CL,AlCp**,
4), 212 (3ClAICp*CH,*, 80), 197 (¥CIAICp**, 21), and 177
(AICp*CHjg*, 100);% infrared spectrum (cm™!, KBr pellet) 2940
(s); 2910 (s, br), 2860 (s), 1615 (m), 1560 (w), 1442 (s), 1378 (s),
1265 (w), 1192 (s), 1065 (s), 1030 (m, br), 895 (m), 790 (m), 670
(m, br), 592 (w), 445 (m, br), 334 (m, br); proton NMR (32 °C,
benzene) & 1.87 (relative intensity 5), —0.59 (relative intensity 1);
carbon-13 NMR (32 °C, benzene) § 115.38, 10.74.

Preparation of [Cp*Al(C,H;)Cl],, 2. This compound was
prepared in a manner identical with that described for 1 except
that [(C,H;),AICl], was used. The crude product is a yellow solid
which can be sublimed at 58 °C providing a colorless crystalline
solid. The yellow oil contaminating the crude product also
sublimed, and care must be exercised in order to obtain a pure
product: mass spectrum, m/e (assignment, relative intensity) 226

(32) The crude product yield of 1 is much larger (~85%); however,
the partial solubility of 1 in hexane is responsible for the reduced yield
of the extracted product.

(33) Only the principal ions in the mass spectra are listed here. Ions
containing the 37Cl isotope were also observed in the correct intensity
ratio, and ions due to the fragmentation of (CHj)C5 were easily detected
below m/e 137.

stationary crystal counter;
at beginning and end of
20 scan—each for half the
time taken for the 2¢ scan

2 measured every 48 reflections [2,1,5], [3,1,1] 2 measured every 46 reflections [3,0,3], [2,2,2]
4063 total, yielding 3263, independent reflect

2349 total, yielding 1986, independent reflect
1154 (58%)

2.9

((CyH;)AICP*3ClH, 12), 197 (Cp*AICH, 100), 191 (C,H;AICp**,
32);% proton NMR (32 °C, benzene) & 1.87 (relative intensity 5),
1.14 (relative intensity 1, Jyy = 9 Hz, t), —0.03 (relative intensity
0.65, Juyn = 9 Hz, q); carbon-13 NMR (32 °C, benzene) § 115.45,
10.88, 10.02.

Preparation of [Cp*Al(i-C,H,)Cl],, 3. This compound could
be prepared in a manner identical with that described for 1;
however, a simpler, more consistent preparation utilized [(i-
C4H9)A1012]2 as the starting material instead of [(i'C4H9)2AlC1]2.
Typically, 10 mmol of [(i-C;Hg)AICL], (25% by weight in hexane)
were combined with 20 mmol of Cp*Li slurried in toluene under
dry nitrogen. The mixture was agitated for 5 min and filtered
through a coarse frit Schlenk filter. The solvent was removed
from the filtrate, leaving a crude yellow-orange semisolid. Pu-
rification by extraction with hexane was unsuccessful since the
desired product and impurities were soluble in this solvent.
Sublimation at 95 °C provided pure, colorless crystals of 3. This
material was soluble in benzene, toluene, and hexane, and it is
very air and moisture sensitive: mass spectrum m/e (assignment,
relative intensity) 254 (C,HgAlCp*®*Cl*, 4), 219 (C,H,AlCp*+, 15),
197 (Cp*Al%Cl*, 100);* proton NMR (32 °C, benzene) 6 1.87
(relative intensity 5.2), 1.05 (relative intensity 2.0), 0.02 (relative
intensity 0.64, Jyy = 9 Hz, d); carbon-13 NMR (32 °C, benzene)
§ 115.27, 27.84, 25.91, 10.59.

Miscellaneous Reactions. Attempts to prepare RAICp*, and
R,AICp* from [RAICL,]; or [R,AIC]; and LiCp* or Cp*MgCl were
unsuccessful. The combination of [(C;H;),AlCl], with LiCp* in
toluene produces a white solid which sublimes at 135 °C; however,
it is relatively insoluble in organic solvents. The reaction of
Cp*MgCl with (C,H;),AlH in toluene was found to produced
MgCp*, in good yield. Impurities were removed by extraction
with cold hexane, and the remaining colorless solid was sublimed
at 60 °C (overall yield 50%). MgCp*, is soluble in toluene and
benzene and partially soluble in hexane. Elemental analyses are
consistent with the composition MgCyHj,: mass spectrum m/e
(assignment, relative intensity) 294 (*¥MgCp*,*, 0.2), 159
(#MgCp**, 100); proton NMR (32 °C, benzene) § 1.97; carbon-13
NMR (32 °C, benzene) § 110.30, 10.07.

Crystal Structure Determinations. A crystal of 1 (0.25 X
0.25 X 0.35 mm) was obtained by recrystallization from cold
hexane; it was lodged in a glass capillary and sealed under argon.
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Table II. Heavy-Atom Positional Parameters and Their
Esd’s for [Cp*Al(CH,)Cl1],

Schonberg et al.

Table III. Heavy-Atom Positional Parameters and Their
Esd’s for [Cp*Al(i-C,H,)C1],

atom x/a y/b z/c atom x/a y/b z/c
Al(1) 1.1707 (1) 0.5084 (1) 0.0899 (1) Al(1) 0.6250(2) 0.5396 (3) 0.4664 (2)
Cl(1) 0.8859 (1) 0.4938(1) 0.0642 (1) Cl(1) 0.4682 (2) 0.3999 (3) 0.3990 (2)
C(1) 1.2207 (4) 0.7377 (4) 0.1122(2) (1) 0.6058 (7) 0.7132(10) 0.3575(6)
C(2) 1.1923 (4) 0.6873 (4) 0.1915(2) C(2) 0.6671 (7) 0.6175(9) 0.3051 (6)
c(3) 1.3267 (4) 0.5994 (4) 0.2347 (2) C(3) 0.7674 (7) 0.6205 (9) 0.3551 (6)
C(4) 1.4378 (4) 0.5963 (4) 0.1834 (2) C(4) 0.7717(7) 0.7197 (9) 0.4388 (6)
C(5) 1.3764 (4) 0.6781 (4) 0.1083 (2) C(5) 0.6721 (7) 0.7770 (9) 0.4412 (6)
c(8) 1.1300 (5) 0.8573 (4) 0.0538 (2) C(6) 0.4972 (8) 0.7678 (12) 0.3166 (8)
C(7) 1.0536 (5) 0.7348 (5) 0.2268 (3) C(7) 0.6241 (10) 0.5301 (13) 0.2067 (7)
c(8) 1.3461 (6) 0.5193 (5) 0.3184 (3) C(8) 0.8564 (9) 0.5309 (13) 0.3244 (8)
c(9) 1.5920 (4) 0.5079 (4) 0.2053 (3) C(9) 0.8691 (8) 0.7586 (12) 0.5142(9)
C(10) 1.4596 (5) 0.7106 (5) 0.0376 (3) C(10) 0.6424 (8) 0.9057 (11) 0.5057 (8)
C(11) 1.2345(4) 0.3027 (4) 0.1167 (2) C(11) 0.7080 (7) 0.3633 (9) 0.5104 (6)
C(12) 0.8086 (7) 0.3711 (10) 0.5857 (7)
The data were collected at —65 °C. A crystal of 3 (0.40 X 0.15 C(13) 0.8594 (9) 0.2201 (4) 0.6058 (9)
X 0.40 mm) was obtained by sublimation; it was mounted in a C(14) 0.7947 (9) 0.4422 (3) 0.6887 (8)

glass capillary and sealed under argon. The data were collected
at 25 °C. Each crystal was centered on a Syntex P3/F automated
diffractometer, and the determinations of the crystal class, ori-
entation matrix, and accurate unit cell parameters were performed
in a standard manner.® The data for both crystals were obtained
by the 6-28 technique using Mo Ka radiation, a scintillation
counter, and a pulse height analyzer. Details of the data collections
are summarized in Table I. Inspection of the collected data for
1 revealed systematic absences ! = 2n + 1 for h0l and & = 2n +
1 for 0k0, and the monoclinic space group P2;/c was indicated.
For 3, the systematic absences b + [ = 2n + 1 for £0/ and & =
2n + 1 for 0k0 indicated the monoclinic space group P2;/n. The
maximum and minimum transmission factors for 1 and 3 are 0.915
and 0.882 and 0.957 and 0.890, respectively, and corrections for
absorption were found to unnecessary. Redundant and equivalent
reflection data were averaged and converted to unscaled |Fy| values
following corrections for Lorentz and polarization effects.

Solution and Refinement of the Structures. The calcu-
lations were performed on a Syntex R3/XTL structure deter-
mination system.®* Scattering factors for Al, Cl, and C atoms were
taken from the compilation of Cromer and Waber, while those
for hydrogen were taken from Stewart and co-workers.*® Both
real (Af) and imaginary (Af”) components of the anomolous
dispersion were included for the Al and Cl atoms by using the
values listed by Cromer and Liberman.¥” The function minimized
during the least-squares refinement was S w(|F,| - |F )%

Both structures were solved by direct methods using the
program MULTAN.® Normalized structure factor amplitudes were
generated in a standard manner from |F,(hkl)| values. For both
hand 3 the statistical distributions of |E| values were consistent
with those expected for centrosymmetric crystals. In each case
the E map generated from the phase set with the best combined
figure of merit yielded a chemically reasonable solution from which
the coordinates of the aluminum and chlorine atoms were as-
certained. Subsequent Fourier syntheses revealed the locations
of all remaining nonhydrogen atoms in the structure. The pos-
itional and individual isotropic thermal parameters of the non-
hydrogen atoms were refined by using a block-diagonal least-
squares procedure.

At this point, in both structure solutions, the coordinates of
the hydrogen atoms were calculated in idealized positions. In-

(34) Hardware configuration for the P3/F diffractometer and the
R3/XTL system has been described: Campana, C. F.; Shepard, D. F;
Litchman, W. M. Inorg. Chem. 1981 20, 4039. Programs used for cen-
tering of reflections, autoindexing, reﬁnement of cell parameters, axial
photographs, data collection, data reduction, Fourier synthesis, block-
diagonal and full-matrix least-squares refinement, bond length and bond
angle calculations, error analysis, least-squares planes calculations, di-
rect-methods structure solution, and calculation of hydrogen atom pos-
itions are those described in: “Syntex R3 Operations Manual”; Sparks,
R. A. Ed,; Syntex Analytical Instruments: Cupertino, CA 1978.

(35) Cromer, D. T.; Waber, J. T. Acta Crystallogr., Sect. B 1965, B18,
104.

(36) Stewart, R. F.; Davidson, R. F.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.

(37) Cromer, D. T.; Liberman, D. J. J. Chem. Phys. 1970, 53, 1891.

(38) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect.
A 1971, A27, 368.

dividual anisotropic thermal parameters were then assumed for
all nonhydrogen atoms. Several cycles of full-matrix least-squares
refinement were then carried out in which the positions of all
hydrogen atoms were fixed and the thermal parameters of the
nonhydrogen atoms were allowed to vary anisotropically. Final
values of Ry, Ryp, and GOF were 0.061, 0.092, and 1.241 for 1 and
0.075, 0.095, and 1.1783 for 3. Final difference Fourier syntheses
revealed no unusual features. Tables of observed and calculated
structure factor amplitudes are available (Tables 8-1 and S-2).%
The atomic positional parameters for 1 and 3 are collected in
Tables II and III, respectively. The hydrogen atom positions
(Tables S-3 and S-4) and all thermal parameters (Tables S-5 and
S-8) are available.*

MO Calculations, The computational method employed is
an approximate Hartree—-Fock-Roothaan SCF-LCAO molecular
orbital calculation developed by Fenske and Hall*! and locally
modified to run on the University IBM-360 computer system. The
method is parameter free and self-consistent and depends only
on the atomic coordinates and choice of wave functions as input
data. For computational expediency the calculation was per-
formed on the model compound [CpAl(CH3)Cl],. The substitution
of the Cp ring for the Cp* ring in 1 may be expected to alter
slightly the starting Cp ligand orbital energies.*> However, the
orbital energy shifts do not appear to significantly alter the
qualitative results of the calculations. The calculations were
iterated until the absolute value of the difference in the Mulliken
population in each valence orbital was less than 0.001. The basis
functions were the double-{ functions of Clementi.#® The 2s
functions were curve fit to single-{ form while being held or-
thogonal to a similarly constructed 1s function. The 2p and 3s
functions for Cl and Al atoms were constructed in the same fashion
while the carbon 2p orbitals were held in their original form. The
interatomic distances and angles used were obtained from the
structure determination of 1. The bond lengths and angles were
idealized to conform to Cy, symmetry. A description of the master
and local coordinate systems is given in Table S-9.4¢

Results and Discussion

In the current study,-the reactions of (CH;);CsLi and
(CHj3)5C5 MgCl with [(CHy),AlCl],, [(CyHj),AICT], [(Co-
H;)AICL],, [(-C4Hg),AICl),, [(-C4Hg)AICL],, and [(Cy-
H;),AlH], were investigated, and the results of these re-

(39) Discrepancy indices used in the text are defined as follows: Rg(%)

= (I ~ JFl)/ S1F] X 100; Ros(%) = [P - )/ ZulFlilVe x

00. The “goodness of fit” (GOF) is defined as GOF = [Yw(|F | -
|Fc|)2/ (NO NV)1¥/2, where NO is the number of observations and NV
is the number of variables.

(40) Supplementary material.

(41) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768. Fenske,
R. F. Prog. Inorg. Chem. 1976, 21, 179.

(42) Lichtenberger, D. L., private communication. Calabro, D. C.;
Hubbard, J. L.; Blevins, C. H.; Campbell, A. C.; Lichentenberger, D. L.
J. Am. Chem. Soc. 1981, 103, 6839.

(43) Clementi, E. J. Chem. Phys. 1964, 40, 1944.
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actions are summarized by eq 1-5. In contrast to earlier
[R:AICI], + 2Cp*Li —oc> [CP*AI(R)CI]; + 2LiCl (1)
% 1, R = CH,
3,R =i-CiHy

toluene

[R,AICI], + 2Cp*MgCl —— = [Cp*Al(R)CI]; + MgCl,
(2)

R = CH,, i-C,H,

hexane

[RAICIL,]; + 2Cp*Li or 2Cp*MgCl T
[Cp*Al(R)CI], + 2LiCl or MgCl, (3)

;R=C2 5

R = i-C,H,

toluene
25 *C
R = 02H5

[R,AICI], + 2Cp*Li

white solid (4)

toluene

[R,AIH], + 2Cp*MgCl
R = CgHﬁ

reports on reaction systems combining NaCp and alkyl-
aluminum halides,?* % the pentamethylcyclopentadienide
reagents did not appear to produce detectable amounts of
trialkylaluminum derivatives, Cp*AlR,. The new crys-
talline products [Cp*Al(R)Cl], were obtained in good
yields from the oily reaction mixtures by extraction or
sublimation procedures, and they were found to be soluble
in benzene, toluene, and THF and slightly soluble in cold
hexane. The purified products were extremely air and
moisture sensitive. The combination of LiCp* and [(C,-
H;),AICl]; unexpectely produced a relatively insoluble
white solid. The reactivity and insolubility of the com-
pound so far have prohibited complete characterization.
The combination of [(C,H;),AlH], with Cp*MgCl led to
the formation of MgCp*, in high yields by a complex re-
action process which has not been fully elucidated.

Spectroscopic Characterization. The mass spectra
of [Cp*Al(CH,)Cl], (1), [Cp*Al(C,H;)Cl], (2), and
[Cp*Al(-CHg)Cl], (3) are similar. The most intense ions
were Cp*Al(R)CI*, Cp*AICI*, Cp*AIR*, and Cp** and its
fragments. The relative intensities of these ions varied for
the three compounds, and in no case was a parent ion
detected with 70-eV ionizing energy. Only in 1 was an ion,
Cp*AICl,*, detected which suggested that the gas-phase
species might be dimeric. Consequently, the mass spectra,
under the strenuous ionizing conditions available, did not
provide an unambiguous assignment of the molecular
weight of the gaseous neutral molecules. For MgCp*,, on
the other hand, a weak parent ion was observed.

The 'H and *C{'H} NMR data for 1-3 are related.
Carbon-13 resonances at 115.36 (1), 115.45 (2), 115.27 (3)
and 10.74 (1), 10.88 (2), 10.59 (3) ppm were assigned to the
Cp* ring carbon atoms and Cp* terminal methyl groups.
A C resonance for the methyl group attached directly to
the aluminum atom in 1 was not detected. A similar ab-
sence was found earlier for the methyl groups on CpAl-
(CHg),.¥ For 2 a 13C resonance was detected at 10.02 ppm,
and it was assigned to the methyl carbon atom of the
terminal ethyl group. A resonance for the a-carbon atom
of the ethyl group was not observed. Similarly for 3, the
resonance for the a-carbon atom of the isobutyl group was
not observed; however, resonances at 27.84 and 25.91 ppm

Cp*;Mg + o0il (5)

(44) Fisher, P.; Stadelhofer, J.; Weidlein, J. J. Organomet. Chem. 1976,
116, 65.
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Figure 1. Molecular structure and labeling scheme of the atoms
in [Cp*Al(CH,)Cl), (50% probability ellipsoids).

were observed and assigned to the methyl carbon and
B-carbon atoms, respectively. Similar alkyl group reso-
nances were found in [(i-C,Hyg),AlCl],. The 3C resonances
for 4 appear at 110.30 ppm (ring carbon atoms) and 10.07
ppm (ring methyl groups).

In 1-3, the 'H spectra showed a singlet at 1.87 ppm
(relative intensity 5) which was assigned to equivalent
methyl groups on the Cp* rings in each compound. In
addition, 1 showed a singlet at —0.59 ppm (relative intensity
1) which was assigned to the protons of the methyl group
bonded directly to the Al atom, 2 displayed a triplet at 1.14
ppm (Jyy = 9 Hz, relative intensity 1.0) and a quartet at
—0.03 ppm (Jyuu = 9 Hz, relative intensity 0.7) which were
assigned to the ethyl group methyl and methylene carbon
atoms, and 3 showed a doublet at 1.05 ppm (Jyy =9 Hz,
relative intensity 2.0) and a doublet at 0.02 ppm (Jyy =
8 Hz, relative intensity 0.6) which were assigned to the six
equivalent isobutyl group methyl hydrogen atoms and the
a-methylene hydrogen atoms, respectively. The multiplet
expected for the proton resonance of the tertiary CH group
was not detected. The 'H spectrum for 4 showed a single
resonance at 1.97 ppm.

Although the available spectroscopic data are consistent
with the proposed chemical formulations of 1-3 as
[Cp*Al(R)CI],, they did not permit us to distinguish be-
tween monomeric, dimeric, or oligomeric structures. In
addition, the hapticity of the Cp* ring could not be de-
termined from the chemical shifts*® and splitting patterns.
The apparent equivalence of the Cp* ring carbon atoms
and the Cp* methyl carbon and hydrogen atoms at 32 °C
may result from rapid 1,2 or 1,3 sigmatropic shifts between
n', n?, or 5* structures or from rapid ring whizzing.!® At-
tempts to detect a static structure in 1 at -80 °C by 'H
NMR spectroscopy revealed no appreciable alteration in
the ring methyl 'H line shape when compared to the res-
onance line width measured at 32 °C. Similar dynamic
behavior has been demonstrated for several penta-
methyleyclopentadienyl compounds including »*-Cp*Ge-
(CHg), and »'-Cp*Sn(CH,),.°

The detailed character of the structure of 4 also is un-
certain. Elemental analysis and the mass spectrum are
consistent with a monomeric Cp*,Mg formulation similar
to the known Cp,Mg compound. The NMR spectra show
that the ring carbon and proton atoms are equivalent on
the NMR time scale at 32 °C and 'H NMR spectra re-
corded at —80 °C showed no appreciable line broadening
in toluene solution.

(45) Attempts to correlate Cp ring chemical shifts with ring hapticity
by Sergeyev and co-workers®*® are not reliable in all cases. The crystal
structures of 1 and 3 provide further examples of the care with which
chemical shift-hapticity correlations should be treated.

(46) Grishin, Y. K.; Sergeyev, N. M.; Ustynyuk, Y. A. Org. Magn.
Reson. 1972, 4, 377.
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Figure 2. Molecular structure and labeling scheme of the atoms
in [Cp*Al(i-C4Hg)Cl]; (50% probability ellipsoids).

Table IV. Selected Interatomic Distances (A) and Their
Esd’s for [Cp*Al(CH,)C1],*

A. Bonded Distances

Al(1)-Cl(1) 2.369 (1) C(4)-C(5) 1.390 (4)
Al(1)-Cl(1") 2.392 (1) C(5)-C(1) 1.449 (5)
Al(1)-C(1) 2.100(3) C(1)-C(6) 1.499 (5)
Al(1)-C(2) 2.252(3) C(2)-C(7) 1.499 (5)
Al(1)-C(5) 2.282(3) C(3)-C(8) 1.490 (5)
C(1)-C(2) 1.424 (5) C(4)-C(9) 1.499 (5)
C(2)-C(3) 1.418 (5) C(5)-C(10) 1.510(5)
C(3)-C(4) 1.405 (5) Al(1)-C(11) 1.931 (3)
B. Nonhonded Distances

Al(1)-Al(1") 3.548 (1) Al(1)-C(6) 3.168(4)
Cl(1)-Cl(1") 3.175(1) Al(1)-C(T) 3.315(5)
Al(1)-C(3) 2.499 (3) Al(1)-C(10) 3.332(4)
Al(1)-C(4) 2.518(3)

@ Primes indicate the symmetry operation 2 - x, 1 — y,
-z.

Crystal Structures. The X-ray diffraction analyses
for 1 and 3 indicate that the molecules are dimeric in the
solid state with formulations [Cp*Al(R)Cl],. Views of the
dimeric units are shown in Figures 1 and 2. Selected
interatomic bond distances and angles are presented in
Tables IV and VI and V and VII, respectively. Least-
squares planes and atomic deviations from the planes are
grea;ented in the supplementary material (Tables S-7 and

-8).

The molecular structures of 1 and 3 contain a four-
membered Al,Cl, ring with planar trans Cp* rings and
trans alkyl groups (CHj or i-C,Hg). Each dimeric unit
possesses crystallographic Ci-1 site symmetry, and the
molecules nearly conform to an idealized Cy,~2/m geom-
etry. The Al,Cl, rings are slightly asymmetric with the
greater asymmetry occurring in 3. The Al-Cl bridge bond
distances in 1, Al(1)-CI(1) = 2.369 (1) A and Al(1)-CI(1")
= 2.392 (1) A, and in 3, Al(1)-Cl(1) = 2.451 (4) A and
Al(1)-Cl(1") = 2.340 (3) A, are long compared with the less
accurately known Al-Cl bridge bond distances in [CH,-
AICl,);, 2.25 (1) A and 2.26 (1) A, and in [(CH,),AICl],,
2.31 (3) A The ring angles Al(1)-Cl-Al(1’), 1, 96.34 (4)°
and 3, 96.1 (1)°, are enlarged over the related angle in
[CH;AICL,)5, 91.1°.47 The nonbonding distances CI(1)-
Cl(1)) in 1, 3.175 (1) A, and 3, 3.203 (3) A, are comparable
to the related distances in [CH3AICl,]5, 3.16 A*" and [(C-
H,),AICl],, ~ 3.2 A,* while the Al(1)-Al(1’) distances in
1, 3.548 (1) A, and 3, 3.565 (4) A, are longer than this
distance in [CH,AICl,],, 3.22 A4 Stuckey and Ross*® have
compared bond lengths and angles for 17 compounds

(47) Allegra, G.; Perego, G.; Immirzl, A. Makromol. Chem. 1973, 61,

'(48) Brockway, L. O.; Davidson, N. R. J. Am. Chem. Soc. 1941, 63,
3287,
(49) Ross, F. K.; Stucky, G. D. J. Am. Chem. Soc. 1970, 92, 4538.
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containing M,Cl, rings. A linear relationship between the
average M—Cl bond distance and the secant of half the
M-CI-M angles was derived, and it was proposed that the
ring geometries are dominated by Cl-Cl and M-M re-
pulsions. 1 and 3 are found to fit this correlation which
suggests that the central Al,Cl, geometries are probably
determined by Al--Al and Cl---Cl nonbonded interactions.
The Al-CH, and AI-CH,R’ bond distances, 1.931 (3) A and
1.951 (8) A, fall within the expected range for Al-C (ter-
minal) bond distances.5

The Cp* ring carbon atoms in 1 and 3 are coplanar with
maximum deviations of 0.004 and 0.005 A, respectively.
The Cp* ring methyl groups deviate slightly from the ring
planes in probable response to small nonbonded interac-
tions and electronic (orbital overlap) effects. In 1, C(6),
C(7), and C(10) are bent out of the C; plane and away from
Al(1) by 0.280 (4), 0.146 (5), and 0.074 (4) A, and C(8) and
C(9) are bent out of the C; plane and toward Al(1) by 0.058
(5) and 0.069 (4) A. In 3, the deviations appear to be less
regular; C(6), C(7), C(9), and C(10) are bent out of the Cj
plane and away from Al(1) by 0.299 (11), 0.049 (11), 0.021
(11), and 0.237 (10) A while C(8) is bent out of the C; plane
and slightly toward Al(1) by 0.029 (11) A. Analysis of the
angles between the various atomic planes shows that there
are more pronounced deviations from ideal Cy—2/m
symmetry in 3 than in 1. In 1, the planes containing Al(1),
Al(1”), and C(1) and Al(1), Al(1"), and C(11) are nearly
perpendicular (93.5° and 89.3°) to the Al,Cl, plane, and
the angle between the first two planes is 4.2°. In 3, the
angles between the same sets of planes are 99.3°, 81.1°,
and 18.2°. In 1, the angle between the normals to the
Al,Cl, plane and the Cp* ring plane is 142.8° while in 3
this angle is 145.4°.

The stereochemistry involving the aluminum atom and
the Cp* ring is unexpected and unusual. In both 1 and
3, there are three short aluminum atom-ring carbon atom
distances: 1, AI-C(1) = 2.100 (3) A, AI-C(2) = 2.252 (3)
A, AI-C(5) = 2.282 (3) A; 3, AI-C(1) = 2.096 (9) A, Al-
(1)-C(2) = 2.359 (8) A, Al(1)-C(5) = 2.243 (8) A. These
distances fall within a range expected for Al-C(terminal)
and Al-C(electron-deficient bridge) bonding interactions
in alkylaluminum compounds.#:#5 The Al-ring plane
distances are 1.951 A (1) and 1.988 A (3). The distances
Al-C(3) = 2.499 (3) A and Al-C(4) = 2.518 (3) Ain 1 and
Al-C(3) = 2.616 (9) A and Al-C(4) = 2.563 (9) A in 3, on
the other hand, are long compared with the accepted range
of Al-C bonds, and they are considered to be nonbonding
distances. Consequently, the bonding and nonbonding
distances in 1 indicate that the Cp* ring coordination with
the aluminum atoms can be considered to be #°. In 3, the
Al-C(1) and Al-C(5) distances are essentially the same as
the corresponding distances in 1; however, Al-C(2) is about
0.1 A longer in 3 than in 1. It appears that the “slippage”
of the aluminum atom and the rotation of the Cp* in 3
bring that molecule to an intermediate #*—°* configuration.
Nonbonded interactions resulting from this placement of
the RAICI, group may be responsible for the already noted
displacement of C(6), C(7), C(9), and C(10) out of the Cp*
plane away from the Al atom. Nonbonded distances listed
in Tables IV and VI for the Al--CHj(ring) separations show
that Al-C(6) distances are less than the sum of the van
der Waal radii for an Al atom and a CH, group,* 3.25 A,
and the Al--C(7) and Al-C(10) separations are only slightly
longer than 3.25 A. In addition, it is curious that the
Al--C(12) distance is short 3.064 (9) A.

(50) Oliver, J. P. Adv. Organomet. Chem. 1977, 15, 235.
(51) Pauling, L. “The Nature of the Chemical Bond”; Cornell Univ-
ersity Press: Ithaca, N.Y., 1960; p 261.
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Table V. Selected Interatomic Angles (Deg) and Their Esd’s for [Cp*Al(CH,)Cl],

Cl(1)-Al(1)~CI(1")

Al(1)-Cl(1)-Al(1")  96.34 (4) C(1)-C(2)-C(3) 108.0(3)
Ci(1)-Al(1)-C(11) 101.9(1) ©(2)-C(3)-C(4) 108.0(3)
Al(1')-Al(1)-C(11) 105.6(1) ©C(3)-C(4)-C(5) 109.4 (3)
C(11)-Al(1)-C(1)  148.6 (1) C(4)-C(5)-C(1) 107.8(3)

Table VI. Selected Interatomic Distances (A) and Their
Esd’s for [Cp*Al(i-C,H,)Cl],

A. Bonded Distances

Al(1)-Ci(1) 2.451 (4) C(6)-C(1) 1.525(13)
Al(1)-Cl(1") 2.340(3) C(7)-C(2) 1.542(12)
Al(1)-C(1) 2.096 (9) C(8)-C(3) 1.509 (14)
Al(1)-C(2) 2.359 (8) C(9)-C(4) 1.534 (14)
Al(1)~C(5) 2.243 (8) C(10)-C(5) 1.507 (13)
Al(1)-C(11) 1.951 (8)
C(1)-C(2) 1.412(12) C(11)-C(12) 1.528(12)
C(2)-C(3) 1.379(13) C(12)-C(13) 1.509 (15)
C(3)-C(4) 1.403(12) C(12)-C(14) 1.523 (14)
C(4)-C(5) 1.401 (12)
C(5)-C(1) 1.416(12)

B. Nonbonded Distances
Al(1)-Al(1") 3.565 (4) Al(1)-C(12) 3.064 (9)
CI(1)-Cl(1") 3.203 (3) Al(1)-C(8) 3.144 (11)
Al(1)-C(3) 2.616 (9) Al(1)-C(7) 3.397 (9)
Al(1)-C(4) 2.563 (9) Al(1)-C(10) 3.311 (10)

The average C-C bond distances for the Cp* rings in 1,
1.417 and 3 1.40 A, are comparable to the average C-C
bond distances in Cp*,Fe, 1.419 A.52 The bond length
variations in the Cp* rings of 1 and 3 also are of interest.
With respect to the mean C-C bond distance in a »°
structure, #° coordination of a metal atom with Cp* might
be expected to produce lengthening of two C-C ring dis-
tances (C(1)-C(2) and C(1)-C(5)) and shortening of the
remaining three C-C ring distances. An analysis of the
variance on all Cp* C-C bond lengths in 1 indicates that
the C-C distances are not equal at the 95% confidence
level, while in 3 the distances are not equal at the 75%
confidence level.?® In each case, the C-C distances fall
into two groups: long C(1)-C(2) and C(1)-C(5) distances
and short C(2)-C(3), C(3)-C(4), and C(4)-C(5) distances.
Lastly, the internal C—C-C ring angles range in 1 from
106.7 (3)° to 109.4 (3)° and in 3 from 107.1 (7)° to 108.8
(7)°. These angles compare favorably with the expected
internal angle, 108°, for a planar pentagon.

Several similarities and differences in the structures of
1 and 3 compared to structures of other metalloid and
metal Cp compounds are of interest. As mentioned earlier,
Haaland and co-workers??8 assigned an 52 structure for
monomeric, gaseous CpAl(CHjy), (5) based upon electron
diffraction analysis. The average Al-C(1) and Al-C(2)
distance in 5, 2.21 (2) A, is intermediate in comparison to
the Al-C(1), Al-C(2), and Al-C(5) distances in 1 and 3.
The average ring C-C bond distance in 5, 1.422 (2) A, is
similar to the average ring C—-C bond distances in 1 and
3. Oliver and co-workers® have recently determined the
solid-state structure of 5, and an infinite chain of AI(CHy),
units bonded to bridging Cp ligands was found. Unlike
Cp,Pb, which contains an infinite chain of Pb atoms each
bond in a 7° fashion to two bridging Cp rings, each alu-
minum atom in 5 appears to bond in a »! fashion to two
Cp rings. The Al atom lies directly above one carbon atom
of each planar Cp ring with Al1-C(1)-H, 92°. The solid-

(52) Freyberg, D. D.; Robbins, J. L.; Raymond, K. N.; Smart, J. C. J.
Am. Chem. Soc. 1979, 101, 892.

(53) Hamilton, W. C. “Statistics in Physical Science”; Ronald Press:
New York, 1964; Chapter 3.

(54) Tecle, B.; Corfield, P. W. R.; Oliver, J. P. Inorg. Chem. 1982, 21,
458.

83.66 (4) C(5)-C(1)-C(2) 106.7(3)

C(5)-C(1)-C(8) 124.7(3) C(2)-C(1)-C(B) 127.1(3)
C(1)-C(2)-C(7) 125.2(3) C(3)-C(2)-C(7) 126.4(3)
C(2)-C(3)-C(8) 126.6 (3) C(4)-C(3)-C(8) 125.4(3)
O(3)-C(4)-C(9) 123.9(3) C(5)-C(4)-C(9) 126.6(3)
C(4)-C(5)-C(10) 127.0(3) C(1)-C(5)-C(10) 125.0(3)

state structure of 5 also resembles the structure of
CpGa(CH,),.5%® For comparison, the A1-C(1)-C(6) angle
is 122.4 (2)° in 1 and 119.76 (6)° in 3.

It is also interesting to consider the structures of these
molecules in a context presented by Hoffman and co-
workers* for describing haptotropic shifts of groups X =
H*, CH;*, CHy?*, and Mn(CO),* across a Cp ring. In that
study, the relative energies of 7, n% 7% and »? configura-
tions and the energetics of the transit from one configu-
ration to the next were considered. Although an X group
of the form AlR, or AICIR was not examined in detail,
CpBH, was noted to be isoelectronic and presumably re-
lated to CpCH,*. In the case of CpCH,*, the calculated
lowest energy structure was »n?, and an »° structure was the
most unstable. Apparently 5 adopts the 5% structure in the
gas phase but not in the solid state. The %3 configuration
in 1 and the slipped %° configuration in 3 represent
unexpected structures which may derive some of their
stability from the Al,Cl; structural unit not present in the
other molecules. We have also noted earlier®® that the
structure of 1 closely resembles the structure of benzvalene,
bicyclo[3.1.0]hex-3-en-2-yl cation, and its rearrangement
transients. It appears that the alkylaluminum fragment
is capable of stabilizing a #° configuration which must have
only a brief lifetime in the organic carbocation system.

MO Calculations. In order to better understand the
electronic structure and bonding in 1 and 3, we performed
nonparameterized MO calculations*! on a model com-
pound, [CpAl(CH,)Cl],.%® The molecule was assigned an
idealized Cy, structure, and atomic coordinates and bond
distances and angles were derived from the structure of
1. A free Cp™ ligand calculation was performed first in
order to determine the eigenvectors required to transform
the final canonical molecular orbitals to a basis set of free
ligand orbitals.” A calculation for the free Cp~ fragment
in Dy, symmetry has been reported;*®® however, the
structures for 1 and 3 required that the Cp fragment
conform to C,, symmetry. The resuits of the calculation
for the three highest filled and two lowest unoccupied MOs
are available (Table S-10).4080

In [CpAl(CH,)Cl), the fragments AI¥*, Cl-, CH;, and
CsH;~ were combined, and the low site symmetry at the
aluminum atom gave rise to significant orbital mixing.t!

(55) Mertz, K,; Zettler, F.; Hausen, F. D.; Weidlein, J. J. Organomet.
Chem. 1976, 122, 159,

(56) It has been recently shown that substitution of hydrogen atoms
by methyl groups on a Cp ring can alter the observed ionization energies
in CpMn(C0);.42 Therefore, it was anticipated that the use of CsH; in
the present calculation for computational expediency would slightly alter
the starting orbital energies for the ring. However, it is observed that the
Cp orbital energy shifts do not significantly alter the qualitative results
of the calculation.

(67) This transformation process has been shown to aid the interpre-
tation of the frontier orbital interactions, as well as assist in the com-
parison of results for related molecules.®®

(58) Lichtenberger, D. L.; Fenske, R. F. J. Am. Chem. Soc. 1976, 98,

(59) Peterson, J. L.; Lichtenberger, D. L.; Fenske, R. F.; Dah], L. F.
J. Am. Chem. Soc. 1975, 97, 6433.

(60) The a”; Cp~ MO in Dy, symmetry becomes the 1b; MO in C,,
symmetry. The e/, orbital is split into the 2b, and 1a; orbitals, and the
€'’y is split into the 3b; and 2a, orbitals. The results of the calculation
in C,, symmetry compare favorably with those reported in Dg,.%
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Table VII. Selected Interatomic Angles (Deg) and Their Esd’s for [Cp*Al(i-C,H,)Cl],

Cl(1)-Al(1)-CK(1")
Al(1)-CI(1)-Al(1)
Cl(1)-Al(1)-C(11)
Cl(1')-Al(1)-C(11)
C(1)-Al(1)-C(11)

83.9(1) Al(1)-C(11)-C(12)
96.1 (1) C(11)-C(12)-C(13)
95.5 (3) C(11)-C(12)-C(14)
106.8 (3) C(14)-C(12)-C(13)
143.7 (4)

123.0 (8)
112.9(8)
113.0(8)
108.8 (8)

C(5)-C(1)-C(2) 107.1(7) C(5)-C(1)-C(6) 125.2(8)
C(1)-C(2)-C(3) 108.8(8) C(1)-C(2)-C(7) 123.2(8)
C(2)-C(3)-C(4) 108.3 (8) C(2)-C(3)-C(8) 125.3(8)
C(3)-C(4)-C(5) 108.2(7) C(3)-C(4)-C(9) 125.7(8)
C(4)-C(5)-C(1) 107.6(7) C(4)-C(5)-C(10) 127.1(8)

Table VIII. Symmetry Representations, Eigenvalues, and a Partial Listing of Percent Orbital Characters for [Cp Al(CH,)Cl],

eigenvalue,

MO eV major % orbital character

eigenvalue,

MO eV major % orbital character

14b, 2.53 Al 35 (19.8), Al 3p,, (25.8),
Al 3p, (31.9)

Cl 3p, (18.8), CH, 2p, (10.9),
Cp 2b, (62.4)

Cl 3p, (11.5), CH, 2p, (10.1),
Al 3s(2.1), Cp 2b, (67.7)

Cl 3p, (30.8), Cp 1a, (66.4)

Cl 3p, (45.2), Cp 1a, (54.2)

Cl 3p, (94.2)

Cl 3p,, (97.2)

Cl 3p, (50.0), Al 3p, (12.3),
Cp 1a, (36.6)

Cl 3p, (66.4), Al 3p, (10.8),
Cp 2b, (11.3)

18b,  -12.56
98, ~12.80

9b, -12.86
Bay, -13.10
12b,  -13.30
8bg ~13.44
4a,, ~14.31

8a, -15.18

From an initial variational basis set of 80 valence atomic
orbitals, 10 bonding and 6 nonbonding MOs remained
important to the understanding of the interactions in the
molecule. The relative energies of the Al and Cl atomic
valence orbitals, the Cp valence MOs, the methyl group
valence MOs, and the resulting MOs for the complex are
presented in Figure 3. The orbital symmetry represent-
ations, eigenvalues, and a partial listing of the important
percent orbital characters for these MOs and the LUMO
14b,, are listed in Table VIII. A full listing of percent
orbital characters is given in Table S-11.

A brief description of the nature of the 10 bonding and
6 nonbonding MOs is warranted. The la, and 1a; MOs
are mostly Cl 3s in character with smaller contributions
from Al 3p, and Al 3s and 3p,, respectively. These MOs
correspond to Al-Cl ¢ bonding interactions in the complex.
The 5a, and 8b, MOs are mainly Cp 1b, in character.
They are stabilized with respect to the free Cp~ ligand by
interaction with the Al 3s, 3p,, and 3p, atomic orbitals, and
these MOs correspond to Al-Cp ¢ bonding interactions.
The 7a, and 10b, MOs are primarily CH; 2p, and Cl 3p,
in character, and they provide additional contribution to
the Al-Cl and Al-CHj ¢ interactions. The 4a, MO con-
tains Al 3p,—Cl 3p, and Al 3p,~Cp 1a, interactions with
the latter having = symmetry. The 8a; MO is dominated
by Al 3p,—Cl 3p, orbital interactions and Al 3p,-Cp 2b,
orbital interactions, and the Al-Cp 2b, overlaps have =
symmetry. In a similar fashion 7b; is dominated by Al
3p,—Cl 3p, ¢ overlap with a significant = symmetry overlap
between the Al 3p, AO and Cp 1la,. The 11b, MO is
composed of Al 3p, and 3p, combinations with Cp 2b,, Cl
3p., and CH; 2p, orbitals, and the Cp 2b, interactions with
Al 3p, and 3p, AOs have = symmetry. These four MOs,
therefore, contain the Al-Cp 7 bonding and Al,Cl, ring
stabilization interactions which are most likely responsible

(61) For example, in C,, symmetry the aluminum atomic orbitals
transform as 3a,, 3b,, a,, and b,, the chlorine atomic orbitals transform
as 2a,, 2a,, 2b,, and 2b,, the occupied Cp~ orbitals transform as 2a, by,
a,, and 2b,, and the methyl carbon p, orbitals transform as a; and b,.
Consequently, the Al 3s, 3p,, and 3p, orbitals mix with Cp 1b, and 2b,
orbitals to form MOs of a; and b, symmetry. The Al 3p, and Cp 1a,
orbitals mix to form an a, and b, MO set. The Al 3s, 3p,, and 3p, orbitals
combine with the CH, 2p, orbitals to give an a; and ﬁ“ set, and the Al
3s, 3p,, and 3p, orbitals combine with Cl atom 3s, 3p., 3p,, and 3p,
orbitals to form ay, a,, by, and b, sets.

Tbg ~15.55  Cl 3p, (51.8), Al 3p,, (24.7),
Cp 1a, (22.7)

Cl1 3p, (30.0), CH, 2p, (14.7),
Al 3p, (11.5), Al 3p, (12.1),
Cp 2b, (22.6)

CH, 2p, (50.2), Al 35 (10.7),
Al 3p,, (19.2)

CH, 2p; (32.4), Cl 3p (28.4),
Al 35 (17.1), Al 3p,, (11.1)

Cp 1b, (61.8), Al 35 (7.5)

Cp 1b, (58.8), Al 3s (10.7)

Cl 3s (95.1), Al 3p, (4.9)

11b, -15.62
Tag ~16.30
10b, -16.83
Bag -20.15
8by -20.21
lay -28.61

la, -29.30
Cl 35 (85.8), Al 3p, (9.1)

18 sz‘l2
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Figure 3. Molecular orbital diagram for [CpAl(CH,)Cl],.

for the observed structures of 1 and 3.

The next six MOs including the HOMO 13b, are non-
bonding in character and for the most part they are
localized on the CHj", Cp~, and CI- ligands. The LUMO
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is predominately localized on the Al AOs and the Cp~ 1b;
MO, and it is the antibonding counterpart of the Al-Cp
o bonding MO 8b,. The separation between the HOMO
and LUMO is large (~15 eV), and it is unlikely that the
complex can be reduced by population of this orbital.

Overlap populations have been used to provide a mea-
sure of relative covalent bond orders,®? and an overlap
population analysis for the Al AOQ and Cp~ MO interactions
is informative.8* The overlap population between the Al
3s, 3p,, and 3p, orbitals and the Cp 1b; MO total 0.134,
and this corresponds to the Al-Cp ¢ bonding interactions.
The Cp 1a,-Al 3p, overlap population 0.102 and the Cp
2b,-Al 3s, 3p,, and 3p, overlap populations 0.101 represent
the combined Al-Cp 7 symmetry overlaps. The overlap
populations between the Al AOs and the Cp~ antibonding
MOs 3b, and 2a, are negligible, and this is consistent with
the absence of back-donation from the Al atom to the Cp
x* orbitals.% Last, the total Al-Cp overlap population
0.337 is similar to the Al-CHj total overlap in [CpAl-
(CH,;)Cl],, 0.314, and [(CHj,),AICl],, 0.308. A summary of
overlap populations appears in Table S-12.

The Al-Cp orbital overlap populations can be compared
with the population in several transition-metal cyclo-
pentadienyl complexes. In ferrocene, calculations have
shown that the Cp-Fe o overlap is small while the majority
of the bonding interaction is derived from =-type overlaps
between the metal d orbitals and Cp 7 and #* orbitals.?
In CpMn(CO),,*? it has been reported that there is a small
o symmetry overlap population, 0.022, between the totally
symmetric a”, Cp MO and Mn atom. On the other hand,
the Mn-Cp e”; 7 overlap population 0.304 and the Mn—Cp
e’y o* overlap population 0.212 are large. On the basis of
these comparisons, it is clear that the ¢ bonding component
is more important in the aluminum complexes than in the
transition-metal complexes. Similarly, the 7* contribution
is far less important in the aluminum complexes. However,
it is also apparent that the = bonding in the aluminum
complexes is extremely important in determining the final
structures, and it is this component which distinguishes
these molecules from the normal n'~-¢-bonded nonmetal~
Cp compounds.

An examination of the two center overlap populations
between the aluminum atoms and the individual ring

(62) Fenske, R. F.; Radke, D. D. Inorg. Chem. 1968, 7, 479.

(63) The overlap populations, expressed in terms of individual two
center orbital populations, are available in the supplementary material,
Table S-12.

(64) The Mulliken gross populations, in the transformed basis set, for
the Cp ring MOs are as follows: 1b,, 1.739; la,, 1.815; 2b,, 1.779; 3b;,
0.005; 2a,, 0.003. These populations are respectively 2.000, 2.000, 2.000,
0.000, and 0.000 in the free Cp~ ligand. The population shifts are con-
sistent with ¢ donation from 1b, to the aluminum atom and = donation
from la, and 2b, to the aluminum atom.
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carbon atoms also is interesting. The Al-C(1) population
0.166 is largest, and the Al-C(2) and Al-C(5) populations
are 0.097. As anticipated the Al-C(3) and Al-C(4) popu-
lations are very small, 0.005, and they are consistent with
nonbonding interactions. The negligible overlap popula-
tions between the two aluminum atoms, -0.025, and the
two chlorine atoms, —0.018, are also consistent with non-
bonding interactions. A Mulliken charge distribution
analysis reveals net charges of 0.342- for each Cp ring,
0.350- for each CHj, group, 0.278- for each chlorine atom,
and 0.941+ for each Al atom. Starting with the hypo-
thetical separated groups, Al**, CH;", Cp-, and CI, each
CHj, group donates 0.650 electrons, each Cp~ group donates
0.658 electrons, each Cl~ donates 0.723 electrons, and each
Al atom ion accepts 2.059 electrons in forming the mole-
cule. The high positive charge remaining on the aluminum
atoms suggests that these atoms should be susceptible to
nucleophilic attack and scission of the Al,Cl, ring.

The spectroscopic and structural studies described here
for 1 and 3 indicate that the pentamethylcyclopentadienyl
ligand is able to interact in a novel fashion with [Al(R)Cl],
fragments. The theoretical analysis has provided a
qualitative understanding of the electronic orbital inter-
actions which contribute to determining the »® structures.
The small distortions in the Cp* ring geometries and the
ring slippage in 3 are not fully understood; however, it is
likely that these distortions are derived from steric or
nonbonded interactions. These results provide some in-
teresting additional insights to the prior studies of alky-
laluminum cyclopentadienyl complexes.
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thermostated to =1 °C. The amount of CH, evolved at time ¢
was calculated from a relative peak area of CH, to that of the
reference by gas chromatography.

Spectral Measurement and Analysis. IR and NMR spectra
were recorded on a Hitachi 295 spectrometer and JEOL PS-100
spectrometer, respectively. The analysis of gaseous and liquid
products were carried out with a Shimadzu GC-3BT or GC-3BF
gas chromatograph. Amounts of gases were measured by a Toepler
pump. The microanalysis of carbon, hydrogen, and nitrogen was
performed by Mr. T. Saito of our laboratory with a Yanagimoto

CHN Autocorder Type MT-2.

Registry No. la, 32354-35-1; 1b, 80976-38-1; 2, 25360-32-1; 3,
61817-37-6; RhH(PPhy),, 18284-36-1; RuH,(PPhy),, 19529-00-1;
CHscOOCGH5, 122'79'2; CHaCOO-p-CeI‘LOMG, 1200-06-2, C2H5CO-
OCeH,, 637-27-4; CH,C00-0-C¢H,0OMe, 613-70-7; CH,COO-p-
CeH,CN, 13081-41-9; n-C,H,COOC¢H;, 20115-23-5; n-
CngchOCsHs, 14353-75-4; CsH5COOCsH5, 93-99-2; n-
C3H7C0002H5, 105-54-4; n—C3H7COO-n-C4H9, 109-21-7; CQH5COO-
1-C3Hj, 106-36-5.

Syntheses of Cationic and Zwitterionic Cyclobutadiene
Compounds of Cobalt(I). Crystal and Molecular Structure of
Tricarbonyl(n-1-methoxy-3-methyl-2-phenylcyclobutadiene)-
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The (3°-cyclobutenonyl)cobalt complexes 1 react with trialkyloxonium salts to yield cationic cyclobutadiene
compounds 2, which have been characterized by IR, 'H NMR, and *C NMR spectroscopy. Compounds
1 also react with BF3:OEt, to afford the zwitterionic cyclobutadiene derivatives 4. Reactions of 1b with
PhCO*SbF4 or (CF3S0,),0 produce 6 and 7, respectively. The CO ligands in 2a are displaced in refluxing
benzene, affording the cationic sandwich complex 8, and the unstable zwitterion 4g can be trapped in refluxing
benzene to give the zwitterionic sandwich complex 9. An X-ray crystallography investigation of 2i at —100
°C revealed a monoclinic crystal with space group P2,/c (No. 14): a = 14.689 (5) A, b = 8.444 (2) A, ¢
= 14.865 (5) A, 8 = 109.32 (3)°, Z = 4, R = 0.087, R,, = 0.051. The cyclobutadiene ring is planar, and
substituent atoms bound to the ring are displaced away from the metal. The carbon-carbon distances

within the cyclobutadiene ring are unequal, as are the cobalt-carbon distances.

Introduction

Cyclobutadiene, the simplest cyclic polyene, has intri-
gued, chemists for decades. Its structural simplicity is
deceptive, however, and this prototype antiaromatic
molecule usually can only be isolated at low temperatures
in a noble-gas matrix,? unless equipped with highly bulky
substituents.®  While the square D, geometry of cyclo-
butadiene is predicted to be a triplet diradical ground state,
theoretical studies agree in predicting that the molecule
will distort to a Dy, rectangular singlet;* spectroscopic® and
chemical® evidence has also been presented to this effect.

(1) (a) Dartmouth College. (b) Alfred P. Sloan Research Fellow
1980-1982. (c) University of Texas at Austin. {(d) Robert A. Welch
Foundation Undergraduate Scholar.

(2) (a) Lin, C. Y.; Krantz, A. J. Chem. Soc., Chem. Commun. 1972,
1111-1112. (b) Chapman, O. L.; McIntosh, C. L.; Pacarsky, J. J. Am.
Chem. Soc. 1973, 95, 614-617.

(3) (a) Irngartinger, H.; Rodewald, H. Angew. Chem., Int. Ed. Engl.
1974, 13, 740-741. (b) Delbaere, L. T. J.; James, M. N. G.; Nakamura,
N.; Masamune, S. J. Am. Chem. Soc. 1975, 97, 1973-1974. (c) Maier, G.;
Pfriem, S.; Schéfer, U.; Matusch, R. Angew. Chem., Int. Ed. Engl. 1978,
17, 520-521. (d) Irngartinger, H.; Riegler, N.; Malsch, K.-D.; Schneider,
K.-A.; Maier, G. Ibid. 1980, 19, 211-212.

(4) (a) Buenker, R. J.; Peyerimhoff, S. D. J. Am. Chem. Soc. 1969, 91,
4342-4346. (b) Dewar, M. J. S.; Kohn, M. C.; Trinajstio, N. Ibid. 1971,
93, 3437-3440. (c) Haddon, R. C.; Williams, R. J. Ibid. 1975, 97,
6582~6584.

(5) Masamune, S.; Souto-Bachiller, F. A.; Machiguchi, T.; Bertie, J.
E. J. Am. Chem. Soc. 1978, 100, 4889-4891,
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Since the original prediction that cyclobutadiene should
be stabilized by interaction with a transition-metal center,’
the organometallic chemistry of this ligand has been ex-
plored extensively.? There are two methods generally
available for the synthesis of a coordinated cyclobutadiene
ligand. The first involves the use of a preformed four-
membered ring in the form of 3,4-dihalocyclobutenes,?1°
1,2,3,4-tetrahalocyclobutanes,!! or photo a-pyrones,? while
the second forms the cyclobutadiene within the coordi-
nation sphere of the metal by the cyclodimerization of two
alkynes.!®15 We have described a convenient synthesis

(6) Whitman, D. W.; Carpenter, B. K. J. Am. Chem. Soc. 1980, 102,
4272-4274.

(7) Longuet-Higgins, H. C.; Orgel, L. E. J. Chem. Soc. 1956, 1969-1972.

(8) Efraty, A. Chem. Rev. 1977, 77, 691-744.

(9) Criegee, R.; Schroder, G. Angew. Chem. 1959, 71, 70-71.

(10) (a) Emerson, G. F.; Watts, L.; Pettit, R. J. Am. Chem. Soc. 1965,
87, 131-133. (b) Fitzpatrick, J. D.; Watts, L.; Emerson, G. F.; Pettit, R.
Ibid. 1965, 87, 3264-3255.

(11) Berens, G.; Kaplan, F.; Rimerman, R.; Roberts, B. W.; Wisener,
J. J. Am. Chem. Soc. 1975, 97, 7076-7085.

(12) Rosenblum, M.; Gatsonis, C. J. Am. Chem. Soc. 1967, 89,
5074-5075.

(13) Hubel, W.; Braye, E. H. J. Inorg. Nucl. Chem. 1959, 10, 250-268.

(14) Rausch, M. D.; Genetti, R. A. J. Am. Chem. Soc. 1967, 89,
5502-5503.

(15) Ville, G.; Vollhardt, K. P. C.; Winter, M. J. J. Am. Chem. Soc.
1981, 103, 5267-5269.
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® In ppm downfield from internal Me,Si, J in Hz; s = singlet, d

¢ Acetone-d,, —90 °C.

of a variety of substituted (°-cyclobutenonyl)cobalt com-
pounds by the ring expansion of (2-cyclopropene-1-
carbonyl)cobalt compounds;!®!7 this method is particularly _ ~
versatile in the number of different substituent patterns S35 S
which can be incorporated with ease into the acyl chloride ﬁNE E E E
precursor.!’ B o AR
Q 9 R 0 - Ana' S~ - - -
P fcolco” oS 4 2 £ TIhE & £ ik
R{ ct R{ ColCO), — = (EB)R 5 Q_L o mn“ n.'.. a oo
: R ’ 4328 £ £ E4d
This paper describes nucleophilic reactions of the ke- I i £33
tonic oxygen atom of the cyclobutenonyl ring which lead Z XXl z Z :I oo
to cobalt compounds containing coordinated cyclo- PR t~ = e~ o4
butadiene ligands. Some results have been the subject of s
a preliminary communication.!® 2
Results and Discussion yaan & o e NS
The 7*-cyclobutenonyl compounds 1 were quantitatively 5 ? f f Tf ? CF T ? T
transformed into the cationic n*-cyclobutadiene complexes c',- mmomoom T = g om o
2 or 3 by treatment with 1 M equivalent of a trialkyl- e R N NN NN
: y 3| | |4sS3 S92 3 3ETEaEssYs
_Co_ €30 7 PFg +o R pE” w © OO GO 18 GOSN WIO W  ©
ot 8' L CH,CY, o " g
G
1. ! : _
a,R' =R*=Ph,R*=H,L=CO;b,R' =R* =Ph,R’ = S N
H, L=PPh,;c, R' = R* = Ph, R® = H, L= PPh,Me; d, o )
Ri = R? =Ph, R* = H, L= PPhMe,;e,R! = R?* =Ph,R’= § :
H L=PEt;fR' =R'=Et R =HL=COg R'=R'=  g| | &
Et, R® = H, L= PPh,;h, R = Me, R? =Ph,R* = H, L= £ PR
CO; i,aR‘ ;IPI}:, R;P; M‘?, 11%: = II’-I}; II; CCI)—I; j,RI}' =th,LR2 = -8 A N@L”«Ei’ii&&i’i&
Me, R*=H, L= ;k, R" =Ph, R* = H,R* =Me, L= = ~ -~
CO;l R' = #-Bu, R? = R* = H, L= CO;m, R' = t-Bu, > yReganeny
R*=R®=H,L=PPh,;n, R =R*=H,R? = t+-Bu,L= °
PPhMe,; o, R* = n-Bu, R* = R® = H, L=CO £
oxonium salt in CH,Cl, solution at room temperature. The :g 3 e~
reaction was usually complete within 4 h, as evidenced by & N
IR monitoring, and the products 2 or 3 could be obtained & PR =
as crystalline, yellow materials after evaporation and re- g = o T
crystallization. = T s = T
oh gl = = s
Pl O z EEEE EE_E; _EE ESE
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As expected, the metal carbonyl stretching bands for
cationic compounds 2 appear at higher frequency than do -
those of their precursors 1.17 The tricarbonyl compounds e~
exhibit only two vog bands (A; + E) in CH,Cl,, charac- "m
teristic of local Cy, symmetry. 'H NMR resonances for the 0
ring protons of 2 (Table I) appear in the range 4 5.0-7.0; Y )
this represents significant deshielding of these protons § e £
compared to chemical shifts in neutral n*-cyclobutadiene (&) ”m 3
compounds (5 3.5-5.5) but is quite compatible with the 2 -
observed chemical shift (§ 6.14 in acetone) of the isoelec- PR .
tronic cationic complex [Fe(n-C,H,)(CO)y(NO)]*PF,.1° T ERE BE I TeEEEEkIe &
Similarly, phosphine-substituted compounds 2 generally RIFZ I8 28 IRERBILBS &
exhibit spin-spin coupling of the ring protons to 3P in the ¥ Aed 4 o FfSF D
J fllr(r;;) gziec}:e%' (Z 1159,7 lgo?glldg%g, %5 A,; Hughes, R. P,; Sherwin, P. F. -g .
' (17). Donal.ds:n: w. A’.; H\'lghes, R. ‘P., J. Am. Chem. Soc., in press. g 8 "cez & '5 &8 '§", ) NH';‘J %5 cgz &§ ool )
(18) Chidsey, C. E,; Donaldson, W. A,; Hughes, R. P. J. Organomet. ©
Chem. 1979, 169, C12-C14.
(19) Efraty, A.; Bystrek, R.; Geaman, J. A.; Sandhu, S. S,, Jr.; Huang,

M. H. A,; Herber, R. H. Inorg. Chem. 1974, 13, 1269-1272.

multiplet; measured at 60 MHz in CDCIl, unless

doublet, t = triplet, m

2 For numbering see drawing in text.

otherwise indicated.
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Table II. *C{'H}NMR Data for Compounds 2 and 3
50
compd C1 C2 C3 C4 OR other

2a 146.0¢ 87.4 81.5 65.649 62.1 132.5,131.9, 128.9,128.1, 127.7 (Ph); 198.3
(M-CO)

2b 143.9 79.3 65.8 65.3 62.3 131.1,1383.5 (Ph)

2f 148.8 95.7 91.3 684 62.2 19.23 (CH,); 12.5 (CH,)

2 1434 85.7 846 658 60.7 18.3 (CH,); 12.7 (CH,); 133.1, 132.3,131.7,
131.6,129.9,129.8, 129.1 (Ph)

2h 1484 g g g 62.2 11.4 (CH,); 181.4, 130.3, 126.8 (Ph)

2n  139.3 60.3 947  60.3 61.4 30.4 (CCH,); 29.6 (CCH,); 17.07 (P-CH,);
136.0, 131.0,129.9, 129.6, 129.2, 128.9 (Ph)

3 146.6 87.8 82.3 66.7 73.8,14.2 131.7,131.4,130.2, 129.4, 129.0, 127.3 (Ph)

¢ For numbering, see drawing of 2 in text.

In ppm downfield of internal Me,Si. Measured at 15 MHz in acetoned,

unless otherwise stated. ® CDCl, solution. € 'Jgg.cq =40.8+ 1.2Hz, 9 'Joyy =201.6 + 1.2 Hz, ¢ YJpg = 1.8 Hz.

f1Jpc = 31.1 Hz. € Could not be observed.

Table III. 'H NMR Data for Zwitterionic Cyclobutadiene Compounds 4
6(1
compd R! R? R?
4a 2.13 (m, 2 H), 1.23 (d, qt, Jg.y = 15.1, 7.2 Hz, 1 H), 4.53 (d, qt, Jp.y; = 4.6 Hz,
1.33 (t,Jy-g = 7.3 Hz, 3 H) 0.96 (d, qt, Jy.yg = 15.1, 7.2 Hz, 1 H), *Jp.g = 1.6 Hz, 1 H)
0.80 (t, /= 7.2 Hz, 3 H)
4b 6.8-8.0 (m, 25 H) 5.02 (d, qt, Jp.y; = 4.5 Hz,
SJp.g = 1.8 Hz, 1 H)
4c 7.6-7.2 (m, 20 H) 1.18 (s, 3 H) 4.67 (d, qt, Jp.y = 4.4 Hz,
5JF-H =1.8 HZ, 1 H)
4d 1.24 (s, 9 H) 3.75 (s, 1 H) 4.26 (d, qt, Jp.y = 4.8 Hz,
*Jp.y = 1.6 Hz, 1 H)
de 2.07 (d, Jp.yg = 6.7 Hz, 3 H) 6.8-7.8 (m, 20 H) 4.84 (d, qt, Jp.yy = 4.2 Hz,
SJF_H =14 HZ, 1 H)
4f 7.2-7.2 (m, 20 H) 4.47 (s, 1 H) 1.55 (d, Jp_g = 5.4 Hz, 3 H)

@ In ppm downfield from internal Me,Si; measured at 60 MHz in CDCl, solution ('*F NMR data in Experimental Section).

range 2.4-5.5 Hz; coupling of this magnitude has been
observed for the cationic analogue [Fe(y-C,H,)(CO)-
(NO)(PPhy)1*PF¢ (Jpy = 2.0 Hz).!® Compound 2n is an
exception, exhibiting only a 0.7-Hz coupling from 3'P to
the ring proton; the reason for this is unclear, but anom-
alously small coupling has also been noted for its precursor
In.'” Also compound 2m only exhibits phosphorus cou-
pling to the ring proton at position R3, the proton at R?
resonating as a singlet; once again similar phenomena have
been noted for the precursor 1m.!” The methyl group in
2j exhibits coupling to 3'P of 2.4 Hz, similar to that re-
ported for [Co(n-C;Me)(I}(CO)(PPh;)] (3.8 Hz).2® As
expected, compound 2d, containing an unsymmetrically
substituted cyclobutadiene ring, exhibits two 'H NMR
resonances due to the diastereotopic methyl groups on
phosphorus, whereas 2n shows only a single methyl reso-
nance, even at —90 °C. This latter observation can be
interpreted to mean that rotation about the metal to cy-
clobutadiene ring axis is still rapid on the {H NMR time
scale at this temperature or that the molecular ground
state is symmetrical, with the phosphorus atom occupying
a site on the mirror plane.

13C NMR data for compounds 2 and 3 are reported in
Table II. Notably no coupling of 3'P to the cyclobutadiene
ring carbon atoms was observed. The values of Jusp 13 and
LJuag 1y for a 1¥C-enriched sample of 2a have been discussed
in a separate paper.”? More recently values of leJis; 15 for
neutral (cyclobutadiene)cobalt species [Co(n-CR,)(n-
CyH;)] have been reported.!> There is considerable dis-
parity between the value of Jig.isc for cationic 2a (40.8 =

(20) Greaves, E. O.; Bruce, R.; Maitlis, P, M. Chem. Commun. 1967,
860~862.

(21) Donaldson, W. A.; Hughes, R. P. J. Magn. Reson. 1981, 43,
170-172.

1.2 Hz) and the neutral compounds (24.1 Hz);!8 the reason
for this difference remains to be explained, but it is notable
that both values are significantly less than the corre-
sponding one-bond couplings reported for 1,1’-dimethyl-
ferrocene (47 Hz)? and substituted arenes (54-70 Hz),
consistent with arguments which predict greater p char-
acter in the orbitals used to bond between carbon atoms
in the ring as the ring size is decreased.?

The ketonic oxygen atom of compounds 1 also exhibits
an affinity for other Lewis acids. Treatment of the ap-
propriate complex 1 with BF3OEt, resulted in a rapid
reaction to form the zwitterionic cyclobutadiene derivatives
4a—f, which could be isolated as stable, crystalline com-

R
Rz@:o\aﬁ
+ ! R
_Co
o€

~

I oL
C
0
4.

a,R' =R? =Et, R® = H, L=PPh,;b, R' = R* = Ph, R®
H, L= PPh,;c, R = Ph, R? = Me, R® = H, L= PPh,.d,

R! = t+-Bu; R* = R® = H, L= PPh,; e, R' = Me, R? = Ph,
R® = H,L=PPh,;f,R' =Ph, R* = H, R® = Me, L = PPh;
g, R' =R? =Ph,R® =H,L=CO;h,R! =R* =Et, R® =
H,L=CO

pounds after evaporation of the solvent. Stable BF; ad-
ducts could not be isolated unless a triphenylphosphine
ligand was present on the metal; the tricarbonyl com-

(22) Nielsen, P. S.; Hansen, R. S.; Jakobsen, H. J. J. Organomet.
Chem. 1976, 114, 145-155.

(23) Weigert, F. J.; Roberts, J. D. J. Am. Chem. Soc. 1972, 94,
6021-6025.

(24) Muller, N.; Pritchard, D. E. J. Chem. Phys. 1959, 31, 1471.
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Figure 1. ORTEP stereoview of the cationic portion of 2i, showing the atomic numbering scheme.

pounds 4g and 4h could be observed in solution by IR
spectroscopy, but evaporation led only to recovery of the
starting ketone. We have commented previously that
substitution of a CO ligand in 1 by a tertiary phosphine
causes a significant lowering of the C=0 stretching fre-
quency for the ring ketone; this was interpreted in terms
of an increased contribution of canonical form 5 to the
bonding in cyclobutenonyl complexes.’® The increased
Lewis basicity of the ketonic oxygen when L is changed
from CO to PPh; would seem to substantiate this idea.

&0
| +
Co
Oc’ | >L

C
o]

5.

!H NMR data for the zwitterions 4 are reported in Table
ITII. The most notable feature concerns the observation
of long-range coupling from °F to the ring proton at
position R3, Notably the protons at position R? in 4d and
4f do not show this coupling nor do methyl or {-Bu groups
adjacent to the OBF4 group in 4d or 4e. It is unclear
whether this is a “through-space” or “through-bond” cou-
pling,? although the lack of observable coupling to adja-
cent Me or ¢-Bu groups might be construed to favor the
latter mechanism.

Compound 2b reacted rapidly and quantitatively with
PhCO*SbFg to afford the cyclobutadiene derivative 6.

Ph

Ph-@'o\c,%
+é H d’.ﬂ
Ao SbF,
o% &'k ¢
0
6.

The low value of the ester carbonyl stretching frequency
(1605 cm™) is noteworthy in this compound; we have
suggested previously that this may be due to weak inter-
action with the cationic metal center.’® Attempts to syn-
thesize the corresponding acetoxycyclobutadiene deriva-
tives by the reaction of either 2a or 2b with CH;CO*BF
(generated in situ from CH3COCI and AgBF,) led only to
the BF; adducts 4g and 4b, respectively; only 4b could be
isolated from solution (vide supra). These latter two
compounds were erroneously identified as the acetoxy-
cyclobutadiene derivatives in a preliminary communica-
tion.!®  Similarly, 2b reacted rapidly with trifluoro-

(25) Emsley, J. W.; Phillips, L; Wray, J. “Fluorine Coupling
Constants”™; Pergamon Press: Oxford, 1977.

methanesulfonic anhydride to afford the cationic complex
7; this compound underwent rapid hydrolysis in solution
to afford 2b.

The carbonyl ligands in complex 2a were sufficiently
labile to undergo displacement by benzene at 80 °C to
afford the sandwich compound 8. A similar sandwich

Ph e
OMe Z;D( iz
-~ Py B3

+
+do H PFg - :E:|c>
<> —
8 9

complex [Co(n-CgHg)(n-C;Phy)]*Br™ has been synthesized
from the reaction of [Co(n-C,Ph,)(CO),Br] with AICl; in
the presence of benzene.? Similarly, the reaction of 2a
with BF;-OEt, in refluxing benzene afforded the zwitter-
ionic sandwich 9, presumably via the intermediacy of 4g.

X-ray Crystallographic Study of Compound 2i. A
stereoview of the cationic portion of 2i, together with the
atom numbering scheme, is shown in Figure 1. Atomic
positional parameters, with corresponding esd’s as esti-
mated from the least-squares inverse matrix, are presented
in Table IV. Bond lengths and bond angles appear in
Table V. Observed and calculated structure factor am-
plitudes, thermal parameters for nonhydrogen atoms, and
hydrogen coordinates are available as supplementary
material.?’

The molecular structure of 2i can be compared and
contrasted with that of the n*-cyclobutenonyl complex 10.%

b no
Ph—< | d
Ph
C/C;o\
o~ ¢ Co
0
10.

(26) Efraty, A.; Maitlis, P. M. J. Am. Chem. Soc. 1967, 89, 3744-3750.

(27) See paragraph at end of paper regarding supplementary material.

(28) Potenza, J.; Johnson, R.; Mastropaolo, D.; Efraty, A. J. Organo-
met. Chem. 1974, 64, C13-C15.
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Table IV. Fractional Coordinates for
Nonhydrogen Atoms?

atom X y 4

CcO 0.21095(6) 0.35836 (9) 0.46366 (6)
P -0.1602 (1) 0.2677 (2) 0.3118 (1)
F(1) -0.2068 (3) 0.2174 (5) 0.2030 (2)
F(2) -0.1830 (3) 0.4475 (4) 0.2810 (3)
F(3) -0.0568 (2) 0.2819 (5) 0.2985 (3)
F(4) -0.1127 (3) 0.3197 (5) 0.4204 (2)
F(5) -0.1388 (3) 0.0873 (4) 0.3410 (3)
F(6) -0.2626 (3) 0.2509 (5) 0.3248 (3)
Oo(1) 0.1737 (3) -0.0116 (5) 0.4564 (3)
0(2) 0.1312 (3) 0.2540 (5) 0.6132 (3)
0O(3) 0.0517 (3) 0.5764 (5) 0.3631 (3)
0(4) 0.3656 (4) 0.5854 (6) 0.5563 (4)
C(1) 0.2098 (4) 0.1099 (6) 0.4240 (4)
C(2) 0.3063 (4) 0.1786 (6) 0.4613 (4)
C(3) 0.2794 (5) 0.2808 (7) 0.3756 (4)
C(4) 0.1820 (5) 0.2170 (7) 0.3468 (4)
C(5) 0.3332 (5) 0.3722 (8) 0.3212(5)
C(6) 0.3942 (4) 0.1335 (7) 0.5369 (4)
C(7) 0.4828 (4) 0.2023 (8) 0.5445 (5)
C(8) 0.5651 (5) 0.1581 (9) 0.6171 (5)
C(9) 0.5604 (5) 0.0442 (9) 0.6828 (5)
C(10) 0.4739 (5) -0.0269(9) 0.6752 (5)
C(11) 0.3913 (b) 0.0174 (8) 0.6030 (5)
C(12) 0.0722(5) -0.0382(9) 0.4108 (5)
C(13) 0.1608 (4) 0.2977 (7) 0.55669 (4)
C(14) 0.1127 (5) 0.4954 (7) 0.4000 (4)
C(15) 0.3033 (5) 0.5013 (8) 0.5221 (5)

@ See Figure 1 for identity of the atoms. Numbers in
parentheses are the estimated standard deviations in the
units of the least significant digits for the corresponding
parameter.

The four carbon atoms of the cyclobutadiene ring in 2i are
coplanar to £0.03 A,%° with C(1) lying +0.029 (6) &, C(2)
-0.024 (5) A, C(3) +0.032 (6) A, and C(4) —0.035 (6) A from
this plane; the cobalt atom is located at a point —1.792 (1)
A from the plane of the cyclobutadiene ligand. The di-
hedral angle between the planes C(1)-C(2)-C(3) and C-
(1)-C(4)-C(3) in 2i is 6.7°, which is comparable to the
corresponding pucker angle of ca. 11° in 10.3* The sub-
stituent atoms directly bound to the cyclobutadiene ring
in 2i are bent away from the metal: O(1) by 0.147 (4) A,
C(6) by 0.141 (6) A, and C(5) by a significantly larger 0.435
(7) A. Similarly the pheny! carbon atoms bound to the
cyclobutenonyl ring of 10 are reported to be displaced out
of the C(b)-C(c)-C(d) plane by 0.08-0.40 A28 It is in-
teresting that the methoxy carbon atom C(12) in 2i is
actually coplanar with the cyclobutadiene ring carbon
atoms, lying 0.002 (7) A from the plane of the ring, and
is therefore closer to the metal atom than is the oxygen
atom O(1) of the methoxy group. The phenyl substituent
at C(2) is slightly tipped with the best plane of the phenyl
ring making a dihedral angle of 7.7° with that of the cy-
clobutadiene ligand. This compares favorably with the
value of ca. 10° for the corresponding angle between the
phenyl ring at position C(b) or C(d) and the C(b)-C(c)-
C(d) plane in 10.28

The cyclobutadiene ring in 2i is certainly not square.
The C(1)-C(2) and C(3)-C(4) distances are identical [mean
value 1.458 (9) A}, but the C(1)-C(4) distance is signifi-
cantly shorter at 1.412 (9) A and the C(2)-C(3) distance
an appreciably longer 1.481 (8) A. There is no obvious
reason why this should be so and these distortions can be

(29) The equation for this weighted best plane is 0.5025x —~ 0.6856y —
0.52672 + 3.2976 = 0, referred to an orthonormal (Cartesian) coordinate
system with axes in the direction of crystallographic ¢, b, and ¢*.

(30) Compound 10 contains two molecules per asymmetric unit. The
distances and angles quoted are mean values of those given for the in-
dividual molecules.?®

Donaldson et al.

Table V. Bond Lengths (A) and Bond Angles (Deg)®
Bond Lengths

Co-C(1)  2.178(8) C(6)-C(11)  1.399 (9)
Co-C(2)  2.074(8) C(7)-C(8) 1.379 (11)
Co-C(3)  2.007(7) C(8)-C(9) 1.389 (11)
Co-C(4)  2.033(6) C(9)-C(10)  1.877(11)
Co-C(13) 1.845(6) C(10)-C(11) 1.380(10)
Co-C(14) 1.848(7) C(12)-O(1) 1.437(9)
Co-C(15) 1.809(7) C(13)-0(2) 1.126 (8)
C(1)-C(2) 1.461(8) C(14)-0(3) 1.117(8)
C(1)-C(4) 1.412(9) C(15)-0(4) 1.137(9)
C(1)-0(1) 1.818(7) P-F(1) 1.593 (4)
C(2)-C(3) 1.481(8) P-F(2) 1.590 (4)
C(2)-C(6) 1.456 (8) P-F(3) 1.600 (4)
C(3)-C(4) 1.455(9) P-F(4) 1.594 (4)
C(3)-C(5) 1.515(9) P-F(5) 1.587 (4)
C(6)-C(7) 1.396(9) P-F(8) 1.585 (4)

Bond Angles

C(2)-C(1)-0(1)  128.9 (5) C(1)-O(1)-C(12) 115.5 (5)
C(2)-C(1)-C(4)  92.1 (5) C(13)-Co-C(14) 96.9 (3)
C(4)-C(1)-0(1) 188.9(6) C(13)-Co-C(15) 104.3 (3)
C(1)-C(2)-C(3)  87.5(5) C(14)-Co-C(15) 99.4 (3)
C(1)-C(2)-C(6)  133.7 (5) F(1)-P-F(2) 89.0 (2)
C(3)-C(2)-C(8) 187.2(5) F(2)-P-F(4) 90.5 (2)
C(2)-C(3)-C(4)  89.7 (5) F(4)-P-F(5) 90.4 (2)
C(2)-C(3)-C(5)  185.9 (6) F(5)-P-F(1) 90.1 (2)
C(4)-C(3)-C(5) 181.9 (6) F(1)-P-F(3) 90.0 (2)
C(1)-C(4)-C(3)  90.4 (5) F(3)-P-F(4) 89.4 (2)
C(2)-C(6)-C(7)  121.2 (6) F(4)-P-F(8) 91.0 (3)
C(2)-C(6)-C(11) 120.0 (8) F(6)-P-F(1) 89.7 (2)
C(7)-C(6)-C(11) 118.7 (6) F(2)-P-F(3) 90.6 (2)
C(6)-C(7)-C(8)  120.2(6) F(3)-P-F(5) 89.7 (2)
C(7)-C(8)-C(9)  120.3 (7) F(5)-P-F(6) 89.5 (2)
C(8)-C(9)-C(10) 120.2 (7) F(6)-P-F(2) 90.1 (2)
C(9)-C(10)-C(11) 119.7 (7) F(1)-P-F(4) 179.2 (2)
C(6)-C(11)-C(10) 120.9 (7) F(2)-P-F(5) 179.1 (3)
Co-C(13)-0(2) = 176.9 (5) F(3)-P-F(6) 179.2 (2)

Co-C(14)-0(3) 177.8 (6)
Co-C(15)-0(4) 175.1 (6)

¢ Numbers in parentheses are the estimated standard
deviations in the least significant digits. See Figure 1 for
identity of the atoms. C-H distances range from 0.76 (6)
to 1.10 (6) A and average 0.94 A,

contrasted with the more symmetrical ring in the albeit
less precise structure of 10.

There are some interesting differences in the cobalt to
ring carbon distances in 2i; the metal is significantly closer
to C(3) [2.007 (7) A] than to C(2) or C(4) [2.033 (6) and
2.074 (8) A, respectively] and is even farther from C(1)
[2.178 (6) A]. This pattern is quite similar to that found
in 10, where the Co—C(c) distance® is 1.999 (17) A, Co-C
(b) is 2.117 (17) A, Co—C(d) is 2.104 (17) A, and Co-C(a)
is 2.405 (17) A;% C(a) is displaced away from the metal by
puckering of the cyclobutenonyl ring (vide supra). Nota-
bly, if C(a) were coplanar with the other three ring carbon
atoms in 10, the Co—C(a) distance would drop by ca. 0.2
A to ca. 2.2 A, which is identical with that observed for the
Co—C(1) distance in 2i. Thus it appears that the trans-
formation of a n3-cyclobutenonyl ligand to a n*-methoxy-
cyclobutadiene ligand by alkylation at oxygen may simply
involve some loss of ring pucker with the formerly ketonic
carbon moving down toward the metal to become coplanar
with the other three carbons of the four-membered ring;
no other significant reorganization of the metal-ring
bonding appears to occur.

Experimental Section

General Data. IR spectra were run in CH,Cl, solution on a
Perkin-Elmer PE257 or 599 instrument and were calibrated
against the 1601-cm™ band of polystyrene. 'H NMR (60 MHz),
13C NMR (15 MHz), and *F NMR (56.3 MHz) spectra were run
on a JEOL FX-60Q spectrometer. 'H and *C chemical shifts are
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reported in parts per million downfield from the proton or carbon
resonances of internal Me,Si, and °F chemical shifts are given
in parts per million upfield from internal CFCl;. Microanalyses
were carried out by Spang, Eagle Harbor, MI.

Solvents were dried by distillation from sodium benzophenone
ketyl, except for CH,Cl,, which was distilled from P,0,, All
reactions were run in oven-dried glassware under an atmosphere
of dry nitrogen.

General Procedure for the Preparation of Methoxy-
cyclobutadiene Complexes 2. A sample of the n*-cyclobutenonyl
complex 1 (0.2-5 mmol) was dissolved in dry CH,Cl, (10-50 mL),
and an equimolar amount of trimethyloxonium hexafluoro-
phosphate (Aldrich) was added. The reaction mixture was stirred
at room temperature until all the oxonium salt had dissolved, and
IR monitoring indicated that conversion to 2 was complete (4-24
h), and the solvent was removed in vacuo. The residue was taken
up in a minimum volume of CH,Cl,, filtered through filter aid,
and treated with anhydrous Et,0 until the solution became cloudy.
Crystals were allowed to form, first at room temperature and then
at —30 °C, affording analytically pure samples after filtration and
vacuum drying. Satisfactory microanalyses (£0.4% from theory
for C and H) were obtained for all compounds reported. Although
the reactions clearly were quantitative by IR, the yields quoted
are for analytically pure, recrystallized samples. Poor yields were
usually obtained on small scale reactions.

The following compounds were prepared in this manner.

(n-2,3-Diphenyl-1-methoxycyclobutadiene)tricarbonyl-
cobalt(1+) hexafluorophosphate, 2a: 85%, mp 120 °C dec;
veo 2128 (s), 2085 (br s) em™.

Anal. Caled for CoH,,CoFgOP: C, 46.00; H, 2.70. Found: C,
46.07; H, 2.73.

(n-2,3-Diphenyl-1-methoxycyclobutadiene)dicarbonyl-
(triphenylphosphine)cobalt(1+) hexafluorophosphate, 2b:
79%; mp 110 °C; v 2071 (s), 2035 (s) ecm™.

Anal. Caled for C3;HoqCoF¢O4P,: C, 58.75; H, 3.86. Found:
C, 58.84; H, 3.95.

(9-2,3-Diphenyl-1-methoxycyclobutadiene)dicarbonyl-
(methyldiphenylphosphine)cobalt(1+) hexafluorophosphate,
2¢: 45%; mp 96 °C; vco 2069 (s), 2033 (s) cm™™.

Anal. Caled for C3,H,y,CoFgO5P,: C, 55.35; H, 3.92. Found:
C, 55.07; H, 3.86.

(n-2,3-Diphenyl-1-methoxyecyclobutadiene)dicarbonyl-
(dimethylphenylphosphine)cobalt(1+) hexafluorophosphate,
2d: 49%; mp 150-152 °C; v 2067 (s), 2029 (s) em™.,

Anal. Caled for Co;Hp5CoFgO4Py: C, 51.28; H, 3.98. Found:
C, 51.07; H, 3.99.

(n-2,3-Diphenyl-1-methoxycyclobutadiene)dicarbonyl-
(triethylphosphine)cobalt (1+) hexafluorophosphate: 50%;
mp 135 °C dec; vco 2061 (s), 2025 (s) cm™.

Anal. Caled for CysHogCoFO4P,: C, 49.04; H, 4.77. Found:
C, 48.82; H, 4.70.

(n-2,3-Diethyl-1-methoxycyclobutadiene)tricarbonyl-
cobalt(1+) hexafluorophosphate, 2f: 76%; mp 155 °C dec; vco
2123 (s), 2073 (s, br) cm™.

Anal. Caled for C12H14COF604P: C, 33.83; H, 3.29. Found: C,
33.66; H, 3.31.

(n-2,3-Diethyl-1-methoxycyclobutadiene)dicarbonyl(tri-
phenylphosphine)cobalt (1+) hexafluorophosphate, 2g: 73%;
mp 145-149 °C; veo 2069 (s), 2029 (s) em™.

Anal. Calcd for CogHygCoFgO;3Py: C, 52.74; H, 4.42. Found:
C, 52.53; H, 4.25.

(n-1-Methoxy-2-methyl-3-phenylcyclobutadiene)tri-
carbonylcobalt(1+) hexafluorophosphate, 2h: 37%; mp
138-141 °C; rgo 2120 (s), 2073 (s, br) cm™.

Anal. Caled for C;H;,CoFgO,P: C, 39.24; H, 2.41. Found C,
39.40; H, 2.63.

(n-1-Methoxy-3-methyl-2-phenylcyclobutadiene)tri-
carbonylcobalt(1+) hexafluorophosphate, 2i: 48%; mp
146-148 °C; vep 2120 (s), 2073 (s, br) em™,

Anal. Ca.lcd for C]_5HIQCOF604P: C, 39.24; H, 2.41. Found: C,
39.37; H, 2.50.

(n-1-Methoxy-3-methyl-2-phenylcyclobutadiene)di-
carbonyl(triphenylphosphine)cobalt(1+) hexafluoro-
phosphate, 2j: 60%; mp 190 °C dec; vco 2065 (s), 2026 (s) cm™L.

Anal. Caled for C3,Hy,CoFgO4Py: C, 53.75; H, 4.06. Found:
C, 53.93; H, 4.11.
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(n-1-Methoxy-2-methyl-4-phenyleyclobutadiene)tri-
carbonylcobalt(1+) hexafluorophosphate, 2k: 13%; mp 127
°C dec; vcg 2125 (s), 2081 (s, br) cm™.

Anal. Caled C;sH,;,CoFOFP: C, 39.24; H, 2.41. Found: C,
39.44; H, 2.67.

(n-2-tert-Butyl-1-methoxycyclobutadiene)tricarbonyl-
cobalt(1+) hexafluorophosphate, 21: 27%; mp 150 °C dec; vco
2129 (s), 2081 (s, br) cm™,

Anal, Caled for 012H14COF604P2 C, 33-82; H, 3.31. Found: C,
34.02; H, 3.46.

(n-2-tert-Butyl-1-methoxycyclobutadiene)dicarbonyltri-
rhenylphosphine)cobalt(1+) hexafluorophosphate, 2m: 44%;
mp 160-164 °C; veo 2075 (s), 2037 (s) em™.

Anal. Caled for CyoHygCoFgO4P,: C, 52.74; H, 4.43. Found:
C, 53.05; H, 4.60%.

(n-3-tert-Butyl-1-methoxycyclobutadiene)dicarbonyl(di-
methylphenylphosphine)cobalt(1+) hexafluorophosphate,
2n: 56%; mp 93-94 °C; vgo 2073 (s), 2033 (s) cm™.

Anal. Caled for CypHysCoFgO4P,: C, 41.93; H, 4.63. Found:
C, 41.82; H, 4.46.

(n-2-n-Butyl-1-methoxycyclobutadiene)tricarbonyl-
cobalt(1+) hexafluorophosphate, 20: 68%; mp 88-89 °C; v¢o
2128 (8), 2076 (s, br) em™.

Anal. Caled for C,H,;,CoFsO,P: C, 33.82; H, 3.31. Found: C,
33.74; H, 3.24.

(n-1-Ethoxy-2,3-diphenylcyclobutadiene)tricarbonyl-
cobalt(1+) tetrafluoroborate, 3: 75%; mp 126-129 °C; v 2123
(s), 2077 (s) cm™., from la and triethyloxonium tetrafluoroborate
(Aldrich, solution in CH,Cl,).

Anal. Calcd for C,H,;BCoF, 0, C, 52.76; H, 8.37. Found:
C, 52.78; H, 3.60.

General Procedure for the Preparation of BF; Adducts
4. A solution of the appropriate n°-cyclobutenonyl complex 1
(0.02-0.6 mmol) in CH,Cl, (1020 mL) was treated with a stoi-
chiometric amount of BF4-OEt, and stirred (4 h). The solution
was evaporated in vacuo; the residue was taken up in a minimum
amount of CH,Cl; and filtered through filter aid. A 1:1 ratio
mixture of Et,0/hexane was added until the solution became
cloudy, and the mixture was set aside at =30 °C (24 h) to afford
the product as yellow crystals. Yields were quantitative by IR
spectroscopy. Recrystallized yields are quoted. Satisfactory
microanalysis data (C, H) were obtained from all compounds
reported.

The following compounds were prepared in this way.

(n-2,3-Diethyl-1-(trifluoroboroxy)cyclobutadienedi-
carbonyl(triphenylphosphine)cobalt, 4a: 61%; mp 146 °C
dec; voo 2052 (s), 2012 (s) em™; 1°F NMR (CDCly) 6 152.10 (br,
s)

Anal. Caled for CosH,BCoF305P: C, 59.18; H, 4.61. Found:
C, 59.07; H, 4.44.

(7-2,3-Diphenyl-1-(trifluoroboroxy)cyclobutadiene)di-
carbonyl(triphenylphosphine)cobalt, 4b: 61%; mp 150 °C
dec; oo 2067 (s), 2025 (s) cm™; 9F NMR (CDCl;) 6 151.8 (br, s).

Anal. Caled for C3sH,BCoF 04P: C, 65.09; H, 3.94. Found:
C, 65.14; H, 4.04.

(n-3-Methyl-2-phenyl-1-(trifluoroboroxy)cyclo-
butadiene)dicarbonyl(triphenylphosphine)cobalt, 4c: 94%,
oil; voo 2057 (s), 2017 (s) em™.

Anal. Caled for C3;Hy BCoF;0,P: C, 61.82; H, 4.02. Found:
C, 62.00; H, 4.10.

(n-2-tert-Butyl-1-(trifluoroboroxy)cyclobutadiene)di-
carbonyl(triphenylphosphine)cobalt, 4d: 83%; mp 175 °C
dec; voo 2059 (s), 2017 (s) em™.

Anal. Caled for CosHysBCoF;05P: C, 59.19; H, 4.61. Found:
C, 59.26; H, 4.70.

(n-2-Methyl-3-phenyl-1-(trifluoroboroxy)ecyclo-
butadiene)dicarbonyl(triphenylphosphine)cobalt, 4e: 90%,
oil; vco 2057 (s), 2017 (s) cm™.

Anal. Caled for C3,H,,BCoF3;0,P: C, 61.82; H, 4.02. Found:
C, 62.12; H, 4.12.

(n-2-Methyl-4-phenyl-1-(trifluoroboroxy)cyclo-
butadiene)dicarbonyl)(triphenylphosphine)cobalt, 4f: 72%,
mp 93-95 °C, »cp 2057 (s), 2017 (8) em™,

Anal. Caled for C3H,BCoF304P: C, 61.82; H, 4.02. Found:
C, 61.80; H, 4.00.
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Similarly, reaction of la with BF;OEt, in CH,Cl,; solution
effected complete conversion to 4f [vog 2121 (s), 2081 (s), 2069
(s) cm™}, and an analogous reaction of 1f yielded a solution of
4¢ [vco 2115 (8), 2070 (s), 2057 (s) cm™l]; evaporation of these
solutions afforded only the starting ketone.

(n-1-(Benzoyloxy)-2,3-diphenylcyclobutadiene)di-
carbonyl(triphenylphosphine)cobalt(l1+) hexafluoro-
antimonate, 6. A solution of 1b (0.18 g, 0.30 mmol) in CH,Cl,
(5 mL) was treated with PhCO*SbF,~ (Cationics; 0.10 g, 0.30
mmol), and the solution was stirred (4 h). The solvent was
removed in vacuo, and the residue was taken up in 8 minimum
amount of CH,Cl,, filtered through filter aid, and treated with
anhydrous Et,;0 to afford 6 as yellow crystals: 0.14 g, 50%; mp
128 °C dec; IR vgg 2061 (s), 2021 (s), 1605 (m) cm™!; 'H NMR
(CDCly) 6 5.21 (d, Jpy = 3.4 Hz, CH), 7.1-7.8 (m, Ph).

Anal. Caled for C3Hg,CoFgO,PSb: C, 55.10; H, 3.33. Found:
C, 54.75; H, 3.20.

A similar reaction of 1b with CH;CO*BF,” did not afford the
expected product but yielded 4b.

(n-2,3-Diphenyl-1-(trifluoromethanesulfonato)cyclo-
butadiene)dicarbonyl(triphenylphosphine)cobalt(1+) Tri-
fluoromethanesulfonate, 7. A solution of 1b (0.88 g, 1.48 mmol)
in dry CH,Cl, (50 mL) was treated with trifluoromethanesulfonic
anhydride® (0.25 mL, 1.48 mmol). The yellow solution turned
golden brown and was stirred (0.25 h). The solvent was removed
in vacuo and the residue recrystallized from CH,Cl/Et,0 to afford
the product as yellow crystals: 1.16 g, 89%; mp 125 °C dec; IR
veo 2091 (s), 2061 (s) cm™.

Anal. Caled for CqgHypgCoFgOgPS,: C, 51.94; H, 2.98. Found:
C, 52.27; H, 3.10.

(n-Benzene)(n-2,3-diphenyl-1-methoxycyclobutadiene)co-
balt(1+) hexafluorophosphate, 8. A slurry of 2a (1.59 g, 3.05
mmol) in dry benzene (50 mL) was heated to reflux (4 h). The
mixture was cooled and the solvent removed in vacuo. Recrys-
tallization of the residue from CH,Cl,/Et,O afforded the product
as yellow-orange crystals: 1.17 g, 74%; mp 136-138 °C; 'H NMR
(CDCly) 6 3.88 (s, OMe), 5.85 (s, CH), 6.42 (s, n-CgHg), 7.2-7.4 (m,
Ph); ®C{*H} NMR (acetone-dg) 5 74.39 (OCH,), 80.88 (CH), 91.03
(CPh), 93.98 (CPh), 114.60 (3-C¢Hp), 143.32, 143.53, 144.42, 144.58,
145.75, 147.01 (Ph).

Anal. Caled for CogHgqCoF¢OP: C, 53.50; H, 3.90. Found: C,
53.34; H, 3.88.

(n-Benzene)(n-2,3-diphenyl-1-(trifluoroboroxy)cyclo-
butadiene)cobalt, 9. A solution of 1a (0.48 g, 1.33 mmol) in dry
benzene (25 mL) was treated with BF3-OEt, (1 mL), and the
reaction mixture was refluxed (48 h). The solvent was removed
in vacuo, and the residue recrystallized from CH,Cl,/hexanes to
afford the product as yellow crystals: 0.37 g, 67%; mp 208-211
°C; 'H NMR (acetone-dg) 6 5.36 (q, Jyy = 1.7 Hz, CH), 6.46 (s,
71-CeHg), 7.2-7.7 (m, Ph).

Anal. Caled for Cp,H;BCoF30: C, 62.30; H, 4.04. Found: C,
62.14; H, 4.01.

X-ray Crystallographic Determination of the Structure
of 2i. Crystals of C;;H;,C00,*, PFs were obtained as orange
prisms by slow evaporation of ethyl acetate. A suitable crystal
was glued to a glass fiber that was attached to the brass pin of
a goniometer head. It was then transferred to a Syntex P2;
diffractometer where it was maintained in a stream of cold (~100
°C), dry N,. Preliminary examination of the crystal with the
diffractometer indicated the monoclinic symmetry of space group
P2,/c¢ (No. 14). Crystal data and data collection details are
summarized in Table VI. A shutter failure after 2309 reflections
(35.1 h) of data collection necessitated shutter repair and
monochromator realignment. Analysis of check reflections before
and after this interpretaton showed that the intensity had di-
minished by about 5.4%, and the second block of data was scaled
accordingly. The recorded X-ray intensities were reduced and
assigned standard deviations (with p = 0.02) as described else-
where.3?

The structure was solved by heavy-atom procedures and refined
by full-matrix least-squares methods.® The function minimized

(31) Stang, P. J.; Duebner, T. Org. Synth. 1974, 54, 79-84.
(32) Riley, P. E.; Davis, R. E. Acta Crystallogr., Sect. B, 1976, B32,
381.

Donaldson et al.

Table VI. Crystallographic Summary
Crystal Data at —100 °C®

empirical C,,H,,CoO*PF,” 7, deg 90
formula
fw 460.19 V, A3 1740
a, A 14.689 (5) deateqs g cm™®  1.058°
b, A 8.444 (2) cryst system  monoclinic
c, A 14.865 (5) space group P2 /e
a, deg 90 z 4
8, deg 109.32 (3) F(0,0,0), e 920
Data Collection at -100 °C
radiation 0.710 69
mode w scan
scan range symmetrically over 1.0° about
Ko, , (max)
background offset 1.0 and -1.0° in w from

Ko, , (max)

variable, 2.0-5.0

4 remeasured after every 96 reflec-
tions; analysis® of these data
indicated only random fluctua-
tion in intensity during the 20 h
of data collection, except for the
discontinuity due to shutter
failure and repair (see text).

scan rate, deg min™!
check reflctns

26 range, deg 4.0-50.0

total reflections 3062
measd

data crystal dimens, 0.2x0.4%X04
mm

absorption coeff, 12.0
u(Mo Ka), em™!

¢ Unit cell parameters were obtained by least-squares
refinement of the setting angles of 43 reflections with
17.3 < 20 < 21.7°. P Owing to scarcity of crystals, an
experimental density was not obtained. ¢ Henslee,
W. H. Davis, R. E. Acta Crystallogr., Sect. B 1975, B31,
1611.

in refinement is Jw(|F,| - |F,])% where the weight w is o{|F,)?,
the reciprocal square of the standard deviation of each observation,
|F,J. Neutral atom scattering factors for Co, P, F, O, C* and H%
were used in these calculations, and the real (Af’) and imaginary
{(Af") corrections® for anomalous scattering of Mo K« radiation
were applied to the Co and P scattering curves. All hydrogen
atoms were located in difference density maps except for the three
hydrogens on C(5). These methyl hydrogens were unable to be
determined reliably and were thus not included in further cal-
culations. Due to their erratic behavior when refinement was
attempted, the temperature factor for each hydrogen which was
included in the calculation was held constant at a value equal to
the final B value for the carbon to which the hydrogen is attached.
Least-squares convergence was attained by using only those 2175
reflections with I,/ a(I) > 2.0 for a structure in which all non-
hydrogen atoms were refined anisotropically and hydrogen atoms
isotropically, with R = 3_||F| - |F ||/ |F,| = 0.054, Ry, = [ w(|F,|
~ |F.1% Zw)FJqY? = 0.049, and standard deviation of an ob-
servation of unit weight = [T w(|[F,| — |F|[)?/{m - 5)]'/? = 1.65,
for m = 2175 and s = 271 variables. A structure factor calculation
using the atomic parameters obtained at convergence with all 3062
reflections gathered during data collection gave R and R,, values
of 0.087 and 0.051, respectively.

In the final cycle of refinement, the largest shifts in nonhy-
drogen and hydrogen atom parameters were less than 0.3 and 0.7
times a corresponding estimated standard deviation (esd), re-
spectively. The largest peaks on a final difference electron density
map were no greater than 0.7 e A,

(33) A listing of principal computer programs used in this work is
contained in ref 32.

(34) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV.

(35) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.
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Treatment of Pt[P(t-Bu);], with protic acids, HX, affords the monohydrides trans-PtHX[P(t-Bu)s],,
la (X =Cl), 1b (X =Br), le (X =1I), and 1d (X = 0,CCF;). The chlorohydride la is easily converted
into the bromo, nitrato le (X = ONO,), and the cyano 1f (X = CN) analogues by metathesis. The dihydride
trans-PtH,{P(t-Bu)s]s, 2, is obtained from the treatment of 1a with NaBH, in THF. The monohydrides
la-e undergo intramolecular metalation, at room temperature, to give the metalated complexes trans-

IStX[P(t-Bu)szeszz]P(t-Bu)s, 3a (X =Cl),3b (X=Br),3 (X=1I),3d (X = 0,CCFy), and 3e (X =
ONO,). The complexes 3a-c readily lose P(¢-Bu); to afford the dinuclear complexes [Pt(u-X)-{P(¢-

Bu),CMe,CH,}l,, 4a (X = Cl), 4b (X = Br), and 4¢ (X = I). The cyanohydride 1f and the dihydride 2
do not undergo intramolecular metalation. The hydrides 1a—e undergo reductive elimination, in the presence
of a base, to give Pt[P(-Bu);],; 1f and 2 are unaffected under similar conditions. The dihydride 2 is converted
into la upon treatment with HCl or CCl; 1¢ is obtained upon treatment with I,. Alcohol or phenols react
with 2 to give dihydrogen and Pt[P(¢-Bu);],; no reaction occurs with la under similar conditions. The
monohydrides la—e react reversibly with CO to give trans-[PtH(CO){P(t-Bu)s};]X, 5, which can be isolated
as salts with BF~ and PFy~ as counteranions. The dihydride 2 reacts with CO and t-BuNC to afford

Pt3(CO)3[P(¢t-Bu);)s, 6, and Pts[u-CN(t-Bu)]3[CN(t-Bu)],, 7, respectively.

Introduction

In the course of our investigations'™ on reactions of
tri-tert-butylphosphine with platinum(II) it was discovered
that treatment of the phosphine with potassium tetra-
chloroplatinate(II) in alkaline ethanol affords the two-
coordinate complex trans-Pt[P(t-Bu)s], in a very high
yield. Although trans-Pt[P(t-Bu);], had been prepared
earlier* from the treatment of the phosphine with Pt(CO-
D),? (COD = 1,5-cyclooctadiene), its chemical reactivity
had remained unexplored. The discovery of the very facile
synthesis of trans-Pt[P(¢-Bu);], enabled us to investigate
its chemical reactivity toward a variety of substrates,?
including protic acids. These investigations have shown
that, contrary to the views of previous investigators,®
trans-Pt[P(t-Bu)s}; readily undergoes oxidative addition
as well as ligand substitution reactions. Oxidative addition

(1) Goel, R. G.; Montemayor, R. G. Inorg. Chem. 1977, 16, 2183.

(2) Ogini, W. O. Ph.D. Thesis, University of Guelph, Guelph, Ontario,
Canada, 1981.

(3) Goel, R. G.; Ogini, W. O,; Srivastava, R. C. J. Organomet. Chem.
1981, 214, 405.

(4) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu, K. J. Am. Chem.
Soc. 1976, 98, 5850.

(5) Green, M.; Howard, J. A. K.; Spencer, J. L.; Stone, F. G. A. J.
Chem. Soc., Dalton Trans. 1977, 271.

(6) Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1977, 99, 2134.

reactions of trans-Pt[P(¢t-Bu);], with haloalkanes and
iodine and its ligand substitution reaction with isocyanides
and carbon monoxide have been reported recently.® Re-
actions of strong protic acids (HCl, HBr, HI, and
CF,CO,H) with trans-Pt[P(¢t-Bu);], and the characteri-
zation and some chemical reactions of the resulting hy-
dridoplatinum(II) complexes are reported herein. A pre-
liminary communication’ on this work has appeared.
Platinum(II) hydrides have played an important role in
the development of the chemistry of transition metal hy-
drides. Soon after the discovery® of the first stable plat-
inum hydride trans-PtHCI(PEt;),, there has been rapid
development in the chemistry of transition metal hy-
drides.?” Many monohydridoplatinum(II) complexes!®1?

(7) Clark, H. C.; Goel, A. B.; Goel, R. G.; Ogini, W. O. J. Organomet.
Chem. 1978, 157, C16.

(8) Chatt, J.; Duncanson, L. A.; Shaw, B. L. Proc. Chem. Soc., London
1957, 343.

(9) Ginsberg, A. P. Transition Met. Chem. (N.Y.) 1965, I, 111.

(10) Green, M. L. H.; Jones, D. J. Adv. Inorg. Chem. Radiochem. 1965,
7, 115.

(11) Muetterties, E. L., Ed. “Transition Metal Hydrides”; Marcel
Dekker: New York, 1971.

(12) Kaesz, H. D; Saillaint, R. B. Chem. Rev. 1972, 72, 231.

(13) Green, J. C.; Green, M. L. H,, In “Comprehensive Inorganic
Chemistry” Pergamon Press: Oxford, 1973; Vol. 4, p 355.

(14) Roundhill, D. M. Adv. Organomet. Chem. 1975, 13, 273.
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Treatment of Pt[P(t-Bu);], with protic acids, HX, affords the monohydrides trans-PtHX[P(t-Bu)s],,
la (X =Cl), 1b (X =Br), le (X =1I), and 1d (X = 0,CCF;). The chlorohydride la is easily converted
into the bromo, nitrato le (X = ONO,), and the cyano 1f (X = CN) analogues by metathesis. The dihydride
trans-PtH,{P(t-Bu)s]s, 2, is obtained from the treatment of 1a with NaBH, in THF. The monohydrides
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Pt3(CO)3[P(¢t-Bu);)s, 6, and Pts[u-CN(t-Bu)]3[CN(t-Bu)],, 7, respectively.

Introduction

In the course of our investigations'™ on reactions of
tri-tert-butylphosphine with platinum(II) it was discovered
that treatment of the phosphine with potassium tetra-
chloroplatinate(II) in alkaline ethanol affords the two-
coordinate complex trans-Pt[P(t-Bu)s], in a very high
yield. Although trans-Pt[P(t-Bu);], had been prepared
earlier* from the treatment of the phosphine with Pt(CO-
D),? (COD = 1,5-cyclooctadiene), its chemical reactivity
had remained unexplored. The discovery of the very facile
synthesis of trans-Pt[P(¢-Bu);], enabled us to investigate
its chemical reactivity toward a variety of substrates,?
including protic acids. These investigations have shown
that, contrary to the views of previous investigators,®
trans-Pt[P(t-Bu)s}; readily undergoes oxidative addition
as well as ligand substitution reactions. Oxidative addition

(1) Goel, R. G.; Montemayor, R. G. Inorg. Chem. 1977, 16, 2183.

(2) Ogini, W. O. Ph.D. Thesis, University of Guelph, Guelph, Ontario,
Canada, 1981.

(3) Goel, R. G.; Ogini, W. O,; Srivastava, R. C. J. Organomet. Chem.
1981, 214, 405.

(4) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu, K. J. Am. Chem.
Soc. 1976, 98, 5850.

(5) Green, M.; Howard, J. A. K.; Spencer, J. L.; Stone, F. G. A. J.
Chem. Soc., Dalton Trans. 1977, 271.

(6) Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1977, 99, 2134.

reactions of trans-Pt[P(¢t-Bu);], with haloalkanes and
iodine and its ligand substitution reaction with isocyanides
and carbon monoxide have been reported recently.® Re-
actions of strong protic acids (HCl, HBr, HI, and
CF,CO,H) with trans-Pt[P(¢t-Bu);], and the characteri-
zation and some chemical reactions of the resulting hy-
dridoplatinum(II) complexes are reported herein. A pre-
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Table I. Analytical and Molecular Weight Data for the Hydrido Complexes
% C % H % X mol wt?

compd Mp,2°C caled found caled found caled found caled found
trans-PtHCI[P(¢-Bu), ], 215 45.32 45,40 8.65 8.61 5.59 5.60 636 630
trans-PtHBr[P(¢-Bu), 1, 210 42,35 42,12 8.09 8.05 11.76 11.78 680 670
trans-PtHI[P(#-Bu), ], 195 39.61 39.58 7.58 7.48 17.48 18.00 727 730
trans-PtH(CF,CO, )[P(+-Bu), 1, 167  43.76  48.56 7.71  7.70 713 702
trans-PtHNO,[P(¢-Bu), 1, ¢ 190 43.49 43.25 8.38 8.20 663 656
trans-PtHCN[P(¢-Bu), ], d 230 47.90 47.84 8.86 8.80 627 615
trans-PtH,[P(¢-Bu), 1, 283 47.92 47.90 9.32 9.36 601 595

@ Decomposition temperature. ? In benzene; concentration range 10°2-10"> M. ¢ % N: caled, 2.11; found, 2.10. ¢ % N:

caled, 2.24; found, 2.18

of the type trans-PtHXL,, where X = an anionic ligand
and L = tertiary phosphine or tertiary arsine, are now
known. A few dihydridoplatinum(II) complexes, trans-
PtH,L, (L = bulky tertiary phosphine) have also been
prepared®2-22 recently, but little has been known about
their chemistry. Reactions of several platinum(II) mo-
nohydrides, trans-PtHX[P(¢-Bu)s),, 1, as well as the di-
hydride trans-PtHo[P(t-Bu)s],, 2, have been examined in
the present work. Unlike the other platinum(II) mono-
hydrides, the monohydrides 1a—e undergo facile intra-
molecular metalation. After the completion of this work,
platinum(II) hydride stabilized by tri-tert-butylarsine have
also been prepared?® in this laboratory.

Results and Discussion

Protic acids, HX (X = Cl, Br, I, 0,CCF3), react readily
with Pt[P(t-Bu);], to give the monohydrides trans-
PtHX[P(t-Bu)s)s, 1a X =CD), 1b X =Br), le (X =1),
and 1d (X = O,CCF;). Metathesis of 1a with AgNO; and
AgCN affords the nitrato le (X = NO;) and the cyano 1f
(X = CN) analogues, respectively. Complex la also reacts
with LiBr to give 1b. The monohydrides 1 are readily
converted to the dihydride trans-PtH,[P(¢-Bu);ls, 2 by
treatment with NaBH, in THF. A similar reaction in
ethanol gives a mixture of 2 (90%) and Pt{P(¢-Bu)s],
(10%).

The monohydrides 1a—f as well as the dihydride 2 are
air-stable white crystalline solids which are very soluble
in solvents such as hexane, benzene, and dichloromethane
but only sparingly soluble in solvents such as ethanol.
Analytical and molecular weight data for these compounds
are given in Table I, and the characteristic infrared and
'H and *'P{H} NMR spectral data in Table II.

The trans configuration for all the hydrides is deduced
from their 'H NMR spectra which exhibited a 1:2:1 trip-
let* at ca. 6 1.50 attributable to the tert-butyl hydrogens
and another 1:2:1 triplet upfield from Me,Si attributable
to the hydride hydrogens which are coupled to the two
equivalent #P nuclei. In each case, the hydride triplet was

(15) Ibers, J. A. Adv. Chem. Ser. 1978, No. 107, 26.

(16) Bau, K., Ed., “Transition Metal Hydrides”; American Chemical
Society: Washington, DC, 1978; Adv. Chem. Ser. No. 167.

(17) Bau, R,; Teller, R. G.; Kirtley, S. H.; Koetzl, T. F. Acc. Chem. Res.
1979, 12, 176.

(18) Belluco, U. “Organometallic and Coordination Chemistry of
Platinum”; Academic Press: New York, 1974; p 174.

(19) Hartley, F. “The Chemistry of Platinum and Palladium”; Halsted
Press: New York, 1973.

(20) Shaw, B. L.; Utley, M. F. J. Chem. Soc., Chem. Commun. 1974,
418.

(21) Levistan, P. G.; Wallbridge, M. G. H. J. Organomet. Chem. 1976,
110, 271.

(2%) Clark, H. C.; Goel, A. B.; Wong, C. S. J. Organomet. Chem. 1978,
152, C45.

(23) (a) Goel, R. G.; Ogini, W. O. J. Organomet. Chem. 1980, 186, C67.
(b) Goel, R. G.; Ogini, W, O.; Srivastava, R. C.; Inorg. Chem. 1982, 21,

0000.
(24) Harris, R. K. Can. J. Chem. 1964, 42, 2275.
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accompanied by a pair of satellite triplets due to **Pt—'H
spin—spin coupling. The 3'P{!H} NMR spectrum of each
compound showed a main resonance (6 73-101) and a pair
of satellite resonances due to %Pt-3'P spin-spin coupling.
A band of medium intensity at ca. 2250-2400 cm™, at-
tributable to the Pt—-H stretching frequency,'®%% was
observed in the infrared spectra of the compounds la-f.
The infrared spectra of 1d, le, and 1f also showed char-
acteristic bands due to the coordinated O;CCF;,% ONQO,,%
and CN7 ligands, respectively. The infrared spectrum of
the dihydride 2 showed a strong band at 1820 cm™ due to
the antisymmetric Pt-H stretching frequency; the obser-
vation of only one Pt-H stretching frequency in the in-
frared is consistent with the proposed trans structure.

The influence of the anionic ligand X on the Pt-H
stretching frequency,? the hydride chemical shift,® and
the magnitude of !J(1*Pt-'H)® and !J(1%5Pt-*1P)¥® has
been investigated for the trans-PtHX(PEts), complex-
es.!218  The results seem to indicate that the Pt-H
stretching frequencies as well as the upfield hydride shifts
for these complexes decrease with increasing trans influ-
ence of the ligand X. However, neither of these trends is
evident for the tri-tert-butyl complexes for which the Pt-H
stretching frequency decreases in the order Cl ~ NO; >
1> CF;CO, > Br > CN, and the hydride chemical shift
(upfield) in the order NO; > CF;C0O, > C1> Br> 1> CN.
Furthermore, whereas the Pt—-H stretching frequency for
the tri-tert-butylphosphine complexes is ca. 150200 cm™
higher than that for the analogous triethylphosphine
complexes, the hydride chemical shifts for the analogous
compounds in the two series are not markedly different.
The magnitude of J(Pt-H) for the triethylphosphine
complexes decrease in the order I > Br > NO; > Cl » CN
showing no simple dependence of 'J(Pt-H) upon the trans
influence of X. A similar situation is seen for the tri-
tert-butylphosphine complexes. For complexes in both
series, the magnitude of 'J(Pt-P) appears to decrease with

(25) Garner, C. D.; Hughes, B. Adv. Inorg. Chem. Radiochem. 1975,

, 1.

(26) Addison, C. C.; Logan, N.; Wallwork, S. C.; Garneer, C. D. Q. Rev.,
Chem. Soc. 1971, 25, 289.

(27) Rigo, R.; Turco, A. Coord. Chem. Rev. 1974, 13, 133.

(28) Chatt, J.; Duncanson, L. A.; Shaw, B. L.; Venanzi, L. W. Discuss.
Faraday Soc. 19568, 26, 131.

(29) Atkins, P. W.; Green, J. C.; Green, M. L. H. J. Chem. Soc. A 1968,
2275.

(30) Dean, R. R.; Green, J. C. J. Chem. Soc. A 1968, 3047.
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increasing trans influence of X; the tri-tert-butylphosphine
analogues have, however, significantly higher 'J(Pt-P)
values.

As expected, the Pt-H stretching frequency, upfield
hydride chemical shift, and the magnitude of 'J(Pt-H) for
the dihydride 2 are appreciably lower than those for the
monohydrides 1. Trends in the antisymmetric Pt-H
stretching frequency and the 'H NMR parameters for 2
and other trans platinum(II) dihydrides®2!?® have been
examined in a recent publication from this laboratory;?
the study shows little correlation between the Pt-H
stretching frequencies and the !H NMR parameters.

In marked contrast to the other platinum(II) hydrides,
the monohydrides 1a—e undergo intramolecular metalation
in solution, at room temperature. Although recent
workb24! in this laboratory has shown that tri-tert-bu-
tylphosphine is readily metalated upon treatment with
platinum(II) chloride, intramolecular metalation of a
phosphine ligand in a platinum(II) hydride has hitherto
not been observed.

The complexes 1a—e were quantitatively converted into
the internally metalated complexes trans-PtX{[P(t-
Bu),CMe,CH,]P(¢-Bu),, 3a (X = Cl), 3b (X = Br), 3¢ X
=), 3d (X = O,CCF5), and 3e (X = NO;) (Figure 1), when
their solutions in benzene or dichloromethane were kept
at room temperature. The ease of metalation decreased
in the order I > Br > Cl > O,CCF; ~ NO;. For example,
conversion of le into 3¢ was complete within 24 h whereas
2 weeks were required for complete conversion of 1d to 3d.
Benzene solutions of the cyanohydride 1f were unchanged
when kept at room temperature for about a month or
refluxed for 1 h. The loss of the hydride hydrogen from
the monohydride upon intramolecular metalation was
evident from the absence of the high-field resonance signal
in the 'H NMR spectra of the solutions and the Pt-H
stretching frequency in the infrared spectra of the resulting
solids. Thus, the intramolecular metalation involves the
reaction represented by eq 1.

trans-PtHX[P(¢-Bu);], —
]
trans-PtX[P(¢-Bu),CMe,CH,]P(t-Bu); + H, (1)

Analytical and the 'H and 3'P NMR spectral data for
the metalated complexes 3a—e are listed in Table IIL
Complex 3a has been characterized unequivocally in a
previous study.! The 'H and P NMR spectral data for
3a listed in Table III are identical with those reported
previously;! the 'H and/or 3'P NMR spectral data for 3b—e

(31) Clark, H. C.; Goel, A. B,; Goel, R. G.; Goel, S.; Ogini, W. O. Inorg.
Chim. Acta 1978, 31, L441.

Goel, Ogini, and Srivastava

are similar to those for 3a. Thus, all the five metalated
complexes are indicated to be structurally similar.

It has been shown®!32 that the complex 3a can lose the
coordinated P(¢-Bu); to give the chloro-bridged dinuclear
metalated complex, 4a (Figure 2), according to eq 2 (where
X = Cl). The bromo and the iodo analogues 3b and 3¢

9 trans-PtX[P(t-Bu),CMe,CH,)P(t-Bu); —
[Pt(s-X){P(+-Bu);CMe,CH,j], + 2P(t-Bu), (2)

were also found to behave in a similar manner to give 4b
and 4c. Crystals of the dinuclear complexes 4a-c were
obtained when benzene solutions of the complexes 3a—c
containing some hexane were allowed to stand at room
temperature. Crystals of the iodo complex 4¢ appeared
when the solution was allowed to stand overnight whereas
several days were required to get crystals of 4b or 4a.
Under similar conditions, 3d and 3e were recovered un-
changed. Thus, the ease of formation of the dinuclear
metalated complexes appears to decrease in the order I >
Br > Cl > O,CCF; =~ NO,, indicating that the formation
of the dinuclear metalated complexes 4 is also promoted
by the steric bulk of the phosphine.

Analytical and the 'H and %P NMR spectral data for
4a-4c are included in Table III. The 'H and 3P NMR
spectral data for 4a have been reported®'® elsewhere. As
shown by the data in Table III, the spectral features for
4b and 4c are similar to those for 4a. The 3'P NMR data
for 4a and 4¢ indicate the presence of both the cis and
trans isomers.

Like the cyano hydride 1f, the dihydride 2 does not
undergo intramolecular metalation either at room tem-
perature or in refluxing benzene. The preliminary report’

on its conversion to {Pt(u-H)[P(¢-Bu);CMe,CH,]}; has
been found to be erroneous; benzene solutions of the di-
hydride did not show any change when either kept at room
temperature for up to 1 month or refluxed for 2 h.

The monohydrides la—e undergo a facile reductive
elimination in the presence of a base such as OH™ or OMe".
Addition of alcoholic KOH or NaOMe to the benzene
solutions of la—e resulted in the quantitative formation
of the platinum(0) complex Pt[P(t-Bu);],. The facile
synthesis® of Pt[P(¢-Bu)s]; from the reaction of tri-tert-
butylphosphine with K,PtCl, in the presence of alcoholic
KOH, thus, seems to involve initial formation of 1a and
its subsequent conversion to the platinum(0) complex. The
observed reductive elimination of 1a also accounts for the
formation of Pt[P(¢t-Bu)g], in the preparation of 2 from 1a
and alcoholic NaBH,. The cyano hydride 1f as well as the
dihydride 2 were unaffected when treated, in a similar
manner, with either KOH or NaOMe. Little is known
about the reactivity of the dihydridoplatinum(II) com-
plexes with bases. The observed stability of 1f in the
presence of OH™ is, however, in marked contrast to the
reported® conversion of trans-PtH(CN)(PPhj), to Pt-
(PPhg), upon treatment with KOH.

The dihydride 2 was converted readily into la upon
treatment with HCl in benzene, but the resulting 1a did
not react with excess acid. A solution of 2 in CCl, was also
converted completely into 1a within 15 h as shown by the
!H NMR measurements which also showed the formation
of CHCl,;. There was no subsequent reaction of 1a with
either CCl, or CHCI, for at least 3 days. The lack of
reactivity of 1a toward HCI or CCl, is in marked contrast

(32) Clark, H. C.; Goel, A. B.; Goel, R. G.; Goel, S. Inorg. Chem. 1980,
19, 3220.
(33) Ugo, R.; Cariati, F.; LaMonica, G. Chem. Commun. 1966, 868.
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to the reactivity of trans-PtHCI(PEt,),* toward these
substrates and is explicable in terms of the steric bulk of
the P(t-Bu); ligands. The iodohydride 1¢ was formed upon
addition of I, to a benzene solution of 2.

With the objective of isolating the unknown hydrido-
alkoxyplatinum(II) complexes, reactions of 2 with C¢Cl;-
OH, C;H,0OH, and C,H;OH were examined. Immediate
evolution of dihydrogen occurred upon adding C¢Cl;OH
to a benzene solution of 2, and the 3'P{!H} NMR spectrum
of the solution showed the presence of only Pt[P(t-Bu)s],
as the phosphorus-containing species. The dihydride 2 was
also found to react with CgH;OH and C,H;OH, at room
temperature, to give Pt[P(t-Bu)s],. The reaction with
Ce¢H;OH was complete within 3 h, but the reaction with
ethanol was much slower; only 70% of 2 was converted into
Pt{P(t-Bu)s}, when its solution in ethanol was kept at room
temperature for 3 weeks. The rate of the reaction of the
dihydride 2 with alcohols, thus, seems to depend upon their
acidity. The overall reaction probably involves reactions
3 and 4. The failure to isolate the hydridoalkoxy-

PtH,[P(¢-Bu)s]; + ROH — PtH(OR)[P(¢-Bu),]; + H,
®)

PtH(OR)[P(¢-Bu)s], — Pt[P(t-Bu);l; + ROH (4)
R = C¢Cls, CeHg, CoHg

platinum(II) complexes is explicable in terms of very high
lability of such species which have as yet not been isolated.

To explore the possibility of insertion of CO into the
Pt-H bonds, we examined reactions of CO with the mo-
nohydrides 1a—f as well as the dihydride 2. When CO was
passed through solutions of 1a in chloroform or dichloro-
methane, the hydrido chloride was partially converted into
the cationic complex trans-[PtH(CO){P(¢-Bu)g},]Cl1,* 5a,
as shown by the 'H and ®'P NMR spectral data. Removal
of the volatiles, however, gave back 1a quantitatively, in-
dicating that the reaction of 1a with CO is reversible (eq
5). Under similar conditions, the complexes 1b—e were

trans-PtHCI[P(¢t-Bu);], + CO =
trans-[PtH(CO){P(¢-Bu)3),]C1 (5)

completely converted to the corresponding carbonyl com-
plexes trans-[PtH(CO){P(¢t-Bu)s};]X, 5b—e, which were
characterized by their 'H and 3P NMR data; attempts to
isolate these complexes gave mixtures of the monohydride
and the corresponding carbonyl complex 5. Substitution
of CI" by a weakly coordinating anion such as BF,~ or PFg"
is expected to displace the equilibrium 5 completely toward
right. Reaction of 1a with CO in the presence of equimolar
amounts of LiX (X = BF,, PF;) indeed afforded the cat-
ionic complexes trans-{PtH(CO)[P(t-Bu);]aiX, both of
which have also been isolated independently from the
treatment of the three-coordinate cationic hydrides?
[PtH{P(¢-Bu)s},]X (X = BF, or PFg) with CO.

Unlike the monohydrides 1a-e, the cyano hydride 1f
does not react with CO. This is not surprising in view of
strong affinity of cyanide for platinum(II).

On passing CO through a pentane solution of 2, the
trinuclear complex Pt3(CO)3[P(¢-Bu)s]s, 6, was obtained
as the sole platinum-containing species. Its infrared and
H and 3'P{'H} NMR spectra were identical with those for
an authentic sample prepared from the reaction? of Pt[P-
(t-Bu)g), with CO. There was no spectral evidence for the
insertion of CO into the Pt-H bond(s) even at —80 °C; the
NMR spectra showed the presence of only the cluster 6
and free P(t-Bu);. The dihydride 2 also undergoes facile

(34) Chatt, J.; Shaw, B. L. J. Chem. Soc. 1962, 5075.
(35) Goel, R. G.; Srivastava, R. C. J. Organomet. Chem. 1981, 204, C13.
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reductive elimination upon treatment with ¢-BuNC which
not only causes reductive elimination of H, from 2 but also
displaces both the P(t-Bu); ligands from the resulting
Pt[P(t-Bu)], to give the trinuclear complex Pty(u-CN-t-
Bu);3(CN-t-Bu)g, 7. The infrared and 'H NMR spectra for
7 were identical with those for an authentic sample®3%
prepared from the reaction of t-BuNC with Pt[P(¢-Bu);],.

Experimental Section

Materials. Tri-tert-butylphosphine®” and bis(tri-tert-butyl-
phosphine)platinum(0)® were prepared as reported previously.
Reagent grade carbon monoxide from Matheson was purified by
passing through a column of potassium hydroxide pellets. Other
chemicals were used as received. All solvents were reagent grade
and were dried prior to use following standard procedures.

Physical Measurements. Elemental analyses were performed
by M.H.W. Laboratories, Phoenix, AZ, and by Guelph Chemical
Laboratories, Guelph, Ontario. Infrared spectra were recorded
on a Beckman IR-12 or a Perkin-Elmer IR-180 spectrophotometer
using samples prepared as mulls in Nujol or halocarbon oil. 'H
and *1P{'H} NMR spectra were recorded in the fourier transform
mode with a Brucker WP-60 spectrometer. Me,Si was used as
internal reference for 'H NMR spectral measurements and 85%
H,PO, as external reference for *'P NMR measurements. The
positive chemical shifts are downfield from the reference.

Preparation of trans-PtHX[P(t-Bu);),. (a) To a well-stirred
solution of Pt[P(t-Bu)s]; (2.0 mmol) in benzene (30 mL) was
added, dropwise, a benzene solution of equimolar amount of the
acid HX. The reaction mixture was stirred at room temperature
for 15 min, and the solvent was removed in vacuo to give a white
solid which was crystallized from hexane to give colorless needles.
(b) A mixture containing 0.5 mmol of Pt[P(t-Bu);], and 0.25 mmol
of NoH,-2HCI in 10 mL of acetone was stirred for 24 h. The
solvent was removed in vacuo and the residue extracted with
benzene (15 mL). Removal of the benzene under reduced pressure
gave trans-PtHCI[P(t-Bu);l, in 90% yield. (c) A suspension of
trans-PtHCI[P(¢-Bu);), (0.5 mmol) and LiBr (1 mmol) in acetone
(15 mL) was stirred at room temperature for 4 days. The solvent
was removed under reduced pressure. The residue was extracted
with benzene (20 mL). Removal of the benzene afforded
trans-PtHBr[P(t-Bu);],; yield 90%. (d) Equimolar amounts of
trans-PtHCI[P(t-Bu);], and AgX (X = CN, NO;) were stirred
together for 24 h in a mixture of acetone and dichloromethane
(2:1). The volatiles were removed under reduced pressure, and
the residual solid was extracted with benzene. Removal of the
benzene in vacuo afforded the colorless hydrides trans-PtHX-
[P(¢t-Bu);l, in 90% yield.

Preparation of trans-PtH,[P(t-Bu);],. To a well-stirred
solution of trans-PtHCI[P(¢-Bu);], (1 mmol) in dry THF (10 mL)
was added NaBH, (5 mmol). The mixture was stirred for 30 min;
then the solvent was removed in vacuo. The residue was extracted
with pentane (30 mL), and the resulting solution was evaporated
under reduced pressure to give the colorless dihydride 2, which
was recrystallized from hexane; yield 90%. Use of ethanol instead
of THF in the above reaction afforded a mixture containing 90%
2 and 10% Pt[P(¢t-Bu);l..

Intramolecular Metalation of trans-PtHX[P(t-Bu):],
(1a-f). Benzene solutions of complexes 1 were kept at room
temperature, and their 'H NMR spectra were recorded each day
until their conversion into the internally metalated complexes
3 was complete. The solution was then evaporated under vacuum,
and the resulting solid was recrystallized from hexane.

Conversion of the Complexes 3 into 4. Complexes 3 were
dissolved in a 1:1 mixture of benzene and hexane, and the solutions
were allowed to stand at room temperature. Solution of 3¢ gave
crystals of 4c after standing overnight. Crystals of 4b and 4a were
obtained in a similar manner after 5 and 8 days, respectively.

Reactions of trans-PtHX[P(¢-Bu);l, (1a—f) with CO. (a)
CO was bubbled through dichloromethane or chloroform solutions
of 1a—f (0.4 mmol in 25 mL) for 1 h. Removal of the solvent in
vacuo and recrystallization of the resulting off-white solid from

(36) Green, M.; Howard, J. A. K.; Proud, J.; Spencer, J. L.; Stone, F.
G. A,; Tsipis, C. A. J. Chem. Soc., Chem. Commun. 1976, 671.
(37) Alyea, E. C,; Fey, G. T.; Goel, R. G. J. Coord. Chem. 1976, 5, 143.
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hexane afforded the unreacted starting material when X = ClL.
For X = Br, CF3CO,, or NO;, a mixture of the starting material
and the cationic hydride complex trans-[PtH(CO}P(t-Bu)gl;1X
was obtained upon evaporation of the solvent as shown by the
infrared and 'H and 3'P{H} NMR spectral measurements. (b)
CO was passed through a stirred suspension of 1a (0.5 mmol) and
LiX (X = BF,, PF¢) in a mixture (15 mL) of acetone/dichloro-
methane (2:1). After 4 h, the volatiles were removed and the
residue was extracted with dichloromethane (5 mL). The resulting
solution was diluted with pentane and then cooled to give colorless
plates of trans-[PtH(CO){P(t-Bu)s},}X; the infrared H and *'P{'H}
NMI;5 spectral data were identical with those for authentic sam-
ples.

Reaction of trans-PtH,[P(¢-Bu);], with CO. A colorless
solution of trans-PtHy[P(¢-Bu);], (0.4 mmol) in pentane (40 mL)
became orange upon bubbling with CO for ca. 1 h. Bubbling of
CO was continued until all the solvent evaporated to give a dark
orange solid which was washed twice with 10 mL of hexane and
then recrystallized from a mixture of hexane and benzene: mol
wt caled 1265, found 1237; IR (Nujol mull) 2200-1700 cm™! region:
1785 (vs), 1730 (vs) cm™.. Anal. Caled for CggHg P;O4Pts: C, 36.7;
H, 6.41. Found: C, 37.01; H, 6.31.

Reaction of trans-PtH,[P(t-Bu);], with t-BuNC. A so-
lution of the isocyanide (1.1 mmol) in pentane (5 mL) was added
dropwise to that of the dihydride (0.5 mmol) in the same solvent
(10 mL). An orange-red solid gradually separated which was
filtered, washed with pentane, and dried. It was characterized
to be Pt3(u-CN-t-Bu);(CN-t-Bu)s: yield 90%; IR (Nujol mull)
2200-1700 cm™ region: 2142 (vs), 2092 (sh), 1728 (s, sh), and 1704
(vs) em™. Anal. Caled for C;OHy NgPty: C, 33.25; H, 4.98. Found:
C, 33.40; H, 4.85.

Reactions of the Hydrides with Strong Bases. (a) To a
solution of trans-PtHX[P(t-Bu)s], (X = Cl, Br) (50 mg) in benzene
(4 mL) was added a drop of the saturated solution of KOH in

ethanol. The 3'P{'H} NMR spectra of the solutions, after 1 h,
showed the presence of Pt[P(¢-Bu)], as the only phosphorus-
containing species. Removal of the volatiles in vacuo and re-
crystallization of the resulting solid gave Pt[P(¢-Bu);l, in 90%
yield. Neither trans-PtHCN[P(¢-Bu)g}, nor trans-PtHy[P(t-Bu)s),
reacted with KOH/EtOH under similar conditions. (b) trans-
PtHCI[P(¢-Bu),), (0.5 mmol) in benzene (5 mL) was added to a
solution of NaOMe (0.5 mmol) in methanol (10 mL). The reaction
mixture was stirred for 5 h. The volatiles were removed in vacuo,
and the residue was extracted with pentane (25 mL). Removal
of the pentane gave colorless Pt{P(t-Bu);), in 95% yield.
Reactions of trans-PtH,[P(¢-Bu)s], with ROH (R = CCl,,
C¢H;, C;H;). To a solution of the dihydride in benzene was added
a slight excess of the phenol. Immediate evolution of dihydrogen
occurred in the case of C4Cl;OH; the reaction with C;H;OH was
complete in about 3 h. In both cases, the *P{*H} NMR spectrum
of the resulting solution showed the presence of Pt[P(¢-Bu)s], as
the only phosphorus-containing species. About 70% trans-
PtH,[P(t-Bu);]; was converted into Pt[P(¢-Bu)s], when its solution
in ethanol was kept at room temperature for about 3 weeks.
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Addition of carbon monoxide to [Pd;(dpm),(u-X)(CHj),]X (X = I, Br; dpm = Ph,PCH,PPh,) produces
the A-frame acyls [Pd%(dpm)g(u-X)(COCH3)2]X which have been isolated as crystalline solids and char-

acterized by 'H and °

P NMR spectroscopy and infrared spectroscopy. Reaction of [Pdy(dpm)g(u-I)-

(COCHj,),]X with dioxygen yields acetic anhydride and Pd,(dpm),l,. With iodine, bromine, and diphenyl
disulfide, the binuclear acyl complex yields acetyl iodide, acetyl bromine, and (S)-phenyl thioacetate,
respectively, as the organic products. Addition of carbon monoxide to [Pd,(dpm),(u-I)(CH;)I]BF, yields
brown, crystalline [Pd,(dpm),(u-1)(COCH,)I][BF,] which appears to retain the weak metal-metal bond
found in [Pdy(dpm),(u-I)(CHp)I][BF,]. Methyl isocyanide reacts with [Pdy(dpm),(u-I)(CH)I][BF,] to form
[Pda(dpm)y(u-CHyC=NCH,)(CNCHjy),]3*, a complex with a bridging iminoacyl ligand, which has been

isolated as a hexafluorophosphate salt.

Introduction

Recently the binuclear palladium methyl complexes
[Pda(dpm)o(u-X)(CHj)s]* (X = I, Br) 1 and [Pd,(dpm),-
(u-I)CH,I]* 2 (dpm is bis(diphenylphosphino)methane)
have become available.! The dimethyl complex 1 is
prepared from Pd,(dpm); and alkyl halides, while 2 is
obtained upon protonation of Pdy(dpm),(u-CH,)1,. While
these two cations are valence isoelectronic, 2, which has
been structurally characterized by X-ray crystallography,

(1) Balch, A. L.; Hunt, C. T.; Lee, C.-L.; Olmstead, M. M,; Farr, J. P.
J. Am. Chem. Soc. 1981, 103, 3764.
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possesses an unusual metal-metal separation of 3.0 A and
appears to have a greater degree of metal-metal bonding
than 1.2
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(4 mL) was added a drop of the saturated solution of KOH in
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showed the presence of Pt[P(¢-Bu)], as the only phosphorus-
containing species. Removal of the volatiles in vacuo and re-
crystallization of the resulting solid gave Pt[P(¢-Bu);l, in 90%
yield. Neither trans-PtHCN[P(¢-Bu)g}, nor trans-PtHy[P(t-Bu)s),
reacted with KOH/EtOH under similar conditions. (b) trans-
PtHCI[P(¢-Bu),), (0.5 mmol) in benzene (5 mL) was added to a
solution of NaOMe (0.5 mmol) in methanol (10 mL). The reaction
mixture was stirred for 5 h. The volatiles were removed in vacuo,
and the residue was extracted with pentane (25 mL). Removal
of the pentane gave colorless Pt{P(t-Bu);), in 95% yield.
Reactions of trans-PtH,[P(¢-Bu)s], with ROH (R = CCl,,
C¢H;, C;H;). To a solution of the dihydride in benzene was added
a slight excess of the phenol. Immediate evolution of dihydrogen
occurred in the case of C4Cl;OH; the reaction with C;H;OH was
complete in about 3 h. In both cases, the *P{*H} NMR spectrum
of the resulting solution showed the presence of Pt[P(¢-Bu)s], as
the only phosphorus-containing species. About 70% trans-
PtH,[P(t-Bu);]; was converted into Pt[P(¢-Bu)s], when its solution
in ethanol was kept at room temperature for about 3 weeks.
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Addition of carbon monoxide to [Pd;(dpm),(u-X)(CHj),]X (X = I, Br; dpm = Ph,PCH,PPh,) produces
the A-frame acyls [Pd%(dpm)g(u-X)(COCH3)2]X which have been isolated as crystalline solids and char-

acterized by 'H and °

P NMR spectroscopy and infrared spectroscopy. Reaction of [Pdy(dpm)g(u-I)-

(COCHj,),]X with dioxygen yields acetic anhydride and Pd,(dpm),l,. With iodine, bromine, and diphenyl
disulfide, the binuclear acyl complex yields acetyl iodide, acetyl bromine, and (S)-phenyl thioacetate,
respectively, as the organic products. Addition of carbon monoxide to [Pd,(dpm),(u-I)(CH;)I]BF, yields
brown, crystalline [Pd,(dpm),(u-1)(COCH,)I][BF,] which appears to retain the weak metal-metal bond
found in [Pdy(dpm),(u-I)(CHp)I][BF,]. Methyl isocyanide reacts with [Pdy(dpm),(u-I)(CH)I][BF,] to form
[Pda(dpm)y(u-CHyC=NCH,)(CNCHjy),]3*, a complex with a bridging iminoacyl ligand, which has been

isolated as a hexafluorophosphate salt.

Introduction

Recently the binuclear palladium methyl complexes
[Pda(dpm)o(u-X)(CHj)s]* (X = I, Br) 1 and [Pd,(dpm),-
(u-I)CH,I]* 2 (dpm is bis(diphenylphosphino)methane)
have become available.! The dimethyl complex 1 is
prepared from Pd,(dpm); and alkyl halides, while 2 is
obtained upon protonation of Pdy(dpm),(u-CH,)1,. While
these two cations are valence isoelectronic, 2, which has
been structurally characterized by X-ray crystallography,
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Addition of CO and CH4CN to CH3Pd A-Frame Complexes

As part of our program of study of binuclear complex-
es,>* we have undertaken an examination of the reactivity
of these two complexes. Carbonylation of metal alkyls can
produce either - or n*-acyl complexes.>® These can, in
turn, lead to the formation of ketones'®!! or a-diketones.
Because of the known propensity of dpm-bridged com-
plexes to facilitate the formation of novel metal-metal
interactions and unusual bridging ligands, we undertook
an examination of the addition of carbon monoxide and
isocyanides to 1 and 2.

Experimental Section

Preparation of Compounds. [Pd;(dpm),(u-X)(CHj),])X,!
[Pdy(dpm)o(u-I)(CHy)I)BF .} and methyl isocyanide'® were pre-
pared by established procedures. Dichloromethane was dried by
distillation from phosphorus pentoxide and was stored over no.
3 molecular sieves. Other reagents were obtained from commercial
sources and were used without further purification. All com-
pounds were prepared under an atmosphere of purified dinitrogen
in carefully degassed solvents. The crystalline acetyl complexes
can be handled in air for short periods but were always stored
under vacuum. Their solutions were always handled under air-free
conditions.

[Pdy(dpm),(u-I)(COCH3), ]I, A solution 200 mg (0.158 mmol)
of [Pdz(dpm),(u-I)(CHy),]l in 6 mL of dichloromethane was purged
with carbon monoxide and pressurized to 45 psig. The constantly
stirred solution was kept under carbon monoxide at this pressure
for 3 days during which the yellow color of the solution turned
orange. After the carbon monoxide pressure was released, the
solution was filtered. Ethyl ether was added to the filtrate to
precipitate the product as yellow crystals. The product was
collected by filtration and washed with ether. Purification was
achieved by recrystallization from dichloromethane/ethyl ether;
yield 171 mg, 82%. Anal. Calcd for C“Hw1202P4Pd21 C, 49.08,
H, 3.81. Found: C, 49.16; H, 3.99.

[Pdy(dpm),(u-I)(COCH;), J[PF,]. A solution of 170 mg (1.0
mmol) of ammonium hexafluorophosphate in 3 mL of methanol
was added to a solution of 200 mg (0.15 mmol) of [Pd,(dpm),-
(1-I)(COCHg),]I in 10 mL of methanol. The solution was evap-
orated to dryness on a rotary evaporator. The residue was ex-
tracted with 8 mL of dichloromethane. After filtration of the
solution, ethyl ether was added slowly to precipitate the product
as orange crystals. Further purification was accomplished by
recrystallization from dichloromethane/ethyl ether; yield 154 mg,
76%. Anal. Caled for CsHgFelO,PsPd,: C, 48.42; H, 3.76; 1,
9.47. Found: C, 48.39; H, 3.86; I, 9.50.

[Pdy(dpm),(u-Br)(COCHj;),J[PF¢]. A dichloromethane so-
lution of 200 mg of [Pdy(dpm),(u-Br)(CHj),]Br in 6 mL of di-
chloromethane was purged with carbon monoxide and pressurized
to 45 psig. The solution was stirred for 5 days under 45 psig of
carbon monoxide. The solution was then filtered, and [Pd,-
(dpm)¢(u-Br){(COCHjy),]Br was isolated as a pale yellow solid by
the addition of ethyl ether in 81% yield. The identity of this
intermediate was established spectroscopically. A solution of 139
mg (0.86 mmol) of ammonium hexafluorophosphate in 2 mL of
methanol was added to a solution of (150 mg, 0.12 mmol) of
[Pdy(dpm),(u-Br)(COCH;),]Br in 5 mL of methanol. The yellow

(2) Olmstead, M. M.; Farr, J. P.; Balch, A. L. Inorg. Chim. Acta 1981,
47

(3) Balch, A. L. In “Reactivity of Metal-Metal Bonds”; Chisholm, M.
H., Ed.; American Chemical Society: Washington, D. C., 1981; ACS
Symp. Ser. No. 155, p 167.

(4) Balch, A. L. In “Catalytic Aspects of Metal Phosphine Complexes™;
American Chemical Society: Washington, D.C., 1982, Adv. Chem. Ser.
No. 196, 243.

(5) Kuhlmann, E. J.; Alexander, J. J. Coord. Chem. Rev. 1980, 33, 195.

(6) Flood, T. C. Top. Stereochem. 1980, 12, 37.

(7) Berke, H.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 7224.

(8) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299.

(9) Wojeicki, A. J. Adv. Organomet. Chem. 1978, 11, 87.

(10) Bergman, R. G. Acc. Chem. Res. 1980, 13, 113.

(11) Girolami, G. S.; Mainz, V. V.; Anderson, R. A.; Vollmer, S. H,;
Day, V. W. J. Am. Chem. Soc. 1981, 103, 3953.

(12) Booth, G.; Chatt, J. J. Chem. Soc. A 1966, 634.

(13) Schuster, R. E.; Scott, J. E.; Casanova, J., Jr. J. Org. Synth. 1966,
46, 75.
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crystals which formed slowly were collected by filtration, washed
with methanol, and recrystallized from dichloromethane/ethyl
ether: 140 mg, 89%. Anal. Caled for CgHzBrFzO,P;Pd,: C,
50.18; H, 3.90; Br, 6.18. Found: C, 50.10; H, 3.93; Br, 6.14.

[Pdx(dpm)o(u-IYCOCH)II[BF,]. A solution of 300 mg (0.224
mmol) of [Pdy(dpm),(u-I)}(CH,)I][BF,] in 6 mL of dichloro-
methane was stirred under 45 psig of carbon monoxide for 5 days.
After the gas pressure was released, the solution was filtered and
2 mL of ethyl ether was added. Methanol was added dropwise
to the cloudy brown solution until the solution became clear.
Ether was added dropwise until the solution became cloudy. Then
methanol was added to clarify the solution. This procedure was
continued until the addition of ether no longer produced clou-
diness in the solution. The solution was then stored at ~5 °C for
several hours. The brown crystals which formed were collected
by filtration and washed with ethyl ether. The product (276 mg,
90%) was recrystallized from dichlormethane/ethyl ether. Anal.
Caled for Cs,H;BF,I,0P,Pd,: C, 45.75; H, 3.47; P, 9.07. Found:
C, 45.28; H, 3.53; P, 8.75.

[Pdy(dpm),(u-CH,C=NCH,)(CNCH,),][PF¢]s. Methyl iso-
cyanide was added dropwise to a suspension of 250 mg (0.187
mmol) of [Pdy(dpm),(u-I)(CH)I}[BF,] in 10 mL of methanol until
all of the solid had dissolved. The yellow solution was filtered,
and a solution of 96 mg (0.60 mmol) of ammonium hexafluoro-
phosphate in 2 mL of methanol was added. The product, which
precipitated as pale yellow crystals, was collected by filtration
and washed with methanol. Purification was achieved by three
recrystallizations from acetone/diethyl ether, which produced
white crystals: yield 202 mg, 70%. Anal. Caled for
CsHgeF1sNsP,Pdy: C, 44.04; H, 3.63; N, 2.70. Found: C, 44.27;
H, 3.73; N, 2.71.

Decarbonylation of [Pd;(dpm),(u-I)(COCH;),]I. A solution
of 150 mg (0.113 mmol) of [Pdy(dpm),(u-I)(COCH,),]1 in 20 mL
of acetonitrile was heated under reflux for 1.5 h. During this
period the solution’s color changed from yellow to red. Addition
of ether to the solution caused a pale yellow crystalline product
to form; yield 129 mg, 90%. This was identified as [Pd,-
(dpm)4(u-I}(CHy),]I contaminated by 10% of Pdy(dpm),I,** by
comparison of the infrared, 'H and 3'P NMR spectra with those
of authentic samples.

Reaction of [Pd;(dpm),(u-1)(COCHj;),]I with Dioxygen.
A solution of 50 mg of [Pd;(dpm),(u-I)(COCH,),}1 in 2 mL of
dichloromethane-d, was kept under 45 psig of dioxygen for 30
h during which the color changed from yellow to brown. Analysis
of the solution by 'H NMR spectroscopy indicated a 90% con-
version into Pd,y(dpm),I, (4.27 ppm (quintet, J(PH) = 4 Hz, dpm
methylene protons)) and acetic anhydride (5 2.19). The presence
of acetic anhydride was further confirmed by the infrared spectra
shown in Figure 2. The solvent was removed from the reaction
mixture by evaporation and the residue subjected to bulb-to-bulb
distillation under a closed vacuum. The colorless distillate was
identified as acetic anhydride (yield 70%) based on comparison
of the 'H NMR and infrared spectra with those of an authentic
specimen.

Reaction of [Pdy(dpm),(u-I)(COCH;),]I with Iodine. A
solution of iodine in dichlormethane-d, was titrated into a solution
of 50 mg of Pd,(dpm),(u-I)(COCH,),)I in 2 mL of dichloro-
methane-d,. Monitoring the reaction by 'H NMR spectroscopy
indicated the formation of Pd(dpm)I,* (dpm methylene protons,
4.55 ppm (t, J(P-H) = 10.4 Hz)) and acetyl iodide (2.97 ppm (s)).
No Pd,(dpm),I, was detected even when substoichiometric
amounts of iodine were used. The presence of acetyl iodide was
verified through the observation of an infrared absorption at 1795
cm™l. On exposure to air the 'H NMR resonance at 2.97 ppm
disappeared while a new resonance at 2.09 ppm grew. Concom-
itantly the infrared absorption at 1795 cm™ was replaced by
absorptions at 1756 and 1711 cm™, These changes are due to the
conversion of acetyl iodide to acetic acid.

Reaction of [Pdy(dpm),(x-1)(COCH;),]T with Bromine.
This reaction was carried out by using the procedure described
above for the corresponding reaction with iodine. The formation
of Pd(dpm)Br, was detected hy 'H NMR spectroscopy (dpm
methylene, 4.36 ppm (t, J(P-H) = 10.4 Hz)). The formation of

(14) Hunt, C. T.; Balch, A. L. Inorg. Chem. 1981, 20, 2267.
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Table I. Infrared and Conductivity Data for Palladium Complexes

Aum,P em? mol™!

compd {C=0), em™! Q!
(Pd,(dpm), (u-I)}(COCH,), 11 1710 131
[Pd,(dpm),(u-Br)(COCH,), ]Br 1709 127
{Pd,(dpm),(x-I)(COCH,), ]PF, 1713 130
{Pd,(dpm),(u-Br)(COCH,), |PF, 1711 126
[Pd,(dpm),(u-I)(COCH,)I|BF, 1712 138
[Pd,(dpm),(x-CH,CNCH, )(CNCH,), I(PF), 2267,° 2257, 1590¢ 368

@ Measured in dichloromethane solution. ©® Measured in acetonitrile solution.

4 ,(C=N) for bridging iminoacyl ligand.

¢ v(C=N) for terminal isocyanide ligand.

Table II. 'H and ¥P{'H} Nuclear Magnetic Resonance Parameters

proton resonances?

dpm methylene

J(P-H), J(H-H), “P{'H]¢

compd shift,® ppm Hz Hz acetyl,® ppm shift, ppm
[Pd,dpm, (u«-1)(COCH,), J{I] 4.14 (4)° 1.56 (6) 5.76
[Pd,dpm, (u-Br)(COCH,), I{Br] 3.97 (4)¢ 1.56 (6) 7.60
{Pd.dpm,(u-I)(COCH,), ][PF, ] 3.92(2),4.59 (2) 3.9,54 13.5 1.50(6) 5.40
[Pd,dpm, (u-Br )(COCH,), J[PF, ] 3.56 (2),4.36 (2) 4.5 55 13.6  1.63(6) 6.1
[Pd.dpm.(u-1)(COCH, )I|[BF, ] 4.58 (4) 4.4 1.53 (3) 2.4, 4.3¢
[Pd,dpm,(u-H,CC=NCH, XCNCH,), ],[PF, ]3 3.16 (2),4.28 (2) 6.0, 3.8 14.1 1.33 (3), 2.12 (3) 12. 6 16.57

3.16 (3), 3.26 (3)

¢ In dichloromethane-d, solution unless it is specified. b Relative intensity in parentheses. ¢ Unresolved broad peaks.
dIn acetomtrlle -d, solutxon ¢ AA'BB' multiplet, J(AA')-J(BB )- 31Hz, J(AB)=J(A'B')= 22.7T Hz, J(AB' )= J(A'B') =

20.3 Hz.

acetyl bromide was indicated by the presence of a 'H NMR
resonance at 2.81 ppm and infrared absorption at 1798 cm™.
Exposure of the sample to moist air resulted in the conversion
of the acetyl bromide to acetic acid.

Reaction of [Pdy(dpm);(u-I)(COCH;),]1 with Diphenyl
Disulfide. A solution of 8.7 mg (0.040 mmol) of diphenyl disulfide
in 0.5 mL of dichloromethane-d, was added to a solution of 13
mg (0.01 mmol) of [Pdy(dpm)y(u-I)(COCHj,),]I in 0.5 mL of di-
chloromethane-d,. The solution was sealed in an NMR tube and
heated to 40 °C for 7 h. Analysis by 'H NMR spectroscopy
revealed complete conversion to Pdy(dpm),I,' (dpm methylene,
4.27 ppm (quintet, J(PH) = 4 Hz)) and (S)-phenyl thiocacetate
(methyl, 2.41 ppm (s)). The 'H NMR spectrum clearly indicated
that no Pdy(dpm),(SC¢Fs), was present. The solution was
transferred to a 3 X 30 cm silica gel column, and the products
were eluted with dichloromethane. The colored palladium com-
plex adheared to the column. The nearly colorless effluent was
collected and evaporated to dryness. The product was examined
by NMR spectroscopy, infrared spectroscopy, and gas chroma-
tography and found to contain a 60% yield of (S)-phenyl thio-
acetate.

Spectroscopic Properties. In the product identification in
the preceding sections the following spectroscopic features (H
NMR, »(CO)) in dichloromethane solution were used to identify
substances: biacetyl, 2.34 ppm, 1725 cm™; acetone, 2.7 ppm, 1710
cm™; acetyl bromide, 2.81 ppm, 1798 cm™; acetyl iodide 2.97 ppm,
1795 cm™); acetic anhydride, 2.19 ppm, 1825, 1750 cm™; acetic acid,
2.08 ppm, 1756, 1711 cm™; methyl acetate, 3.63, 2.02 ppm, 1738
cm™l; (S)-phenyl thioacetate, 2.41 ppm, 1705 cm™!; Pd(dpm)Cl,
methylene protons, 4.28 ppm (t, J(PH) = 10.8 Hz); Pd(dpm)Br,,
4.33 ppm (t, J(PH) = 10.6 Hz); Pd(dpm)Il,, 4.55 ppm (t, J(PH)
= 10.4 Hz); Pdy(dpm),Cl,, 4.17 ppm (quintet, J(PH) = 4.0 Hz);
Pd,(dpm),Br; 4.22 ppm (q, J(PH) = 4.0 Hz); Pdy(dpm),I,, 4.27
ppgis(%l J)(PH) = 4.0 Hz); Pdy(dpm)o(SCeHs)y, 4.09 ppm (g, J(PH)
= 3.8 Hz).

Physical Measurements. 'H (5-mm tubes, 200 MHz) and
31P{'H} (12-mm tubes, 81 MHz) were recorded on a Nicolet NT-200
Fourier transform spectrometer. An external 85% phosphoric
acid reference was used for 3'P NMR spectra and the high-fre-
quency-positive convention, recommended by IUPAC, is used in
reporting chemical shifts. Simulations of the entire 3'P spectra
were performed by using the iterative simulation routine of the
Nicolet software on a Model 1180 Nicolet data system. This
simulation routine is a modified version of Laocoon III. The fit

f AA'BB multiplet, J(AA' }~J/(BB') = 13.3 Hz, J(AB) =

J(A'B)= 29.1 Hz, J(AB )= J(A'B) = 8.1 Hz.

of the simulation was based on matching the individual peak
position and intensities of the observed and the calculated spectra.

Infrared spectra were recorded from Nujol mulls on a Per-
kin-Elmer 180 infrared spectrometer. Electrical conductivities
were determined by use of an Industrial Instruments conductivity
bridge with 10 M acetonitrile solutions. Electronic spectra were
recorded on a Hewlett-Packard spectrometer.

Results and Discussion

Carbonylation of [Pd,(dpm),(x-X)(CH;),]*. Expo-
sure of a dichloromethane solution of [Pdy(dpm),(u-I)-
(CHj;),]1 to carbon monoxide at 45 psig for 3 days at 25
°C leads to the isolation of [Pdy(dpm)y(u-I)(COCHj),]1 as
a yellow crystalline solid. The reaction is readily detected
by the growth of a carbonyl absorption in the infrared
spectrum at ca. 1710 cm™.. Infrared data and conductivity
data for the isolated product from this and other reactions
are set out in Table I. The salt is soluble in a range of
organic solvents including acetone, acetonitrile, methanol,
and dichloromethane. In solution it behaves as a 1:1
electrolyte. The yellow solutions are air sensitive and
darken upon exposure to dioxygen.

The 'H and *'P{'H} NMR spectra of this and other new
compounds are recorded in Table II. Carbonylation re-
sults in a downfield shift of the methyl resonance from its
position at 0.83 ppm in [Pd;(dpm),(u-I){CH,),]1.1 Addi-
tionally the three-bond phosphorus—proton coupling seen
in the methyl complex is absent in the acetyl complex
where a smaller four-bond coupling is expected. The
methylene resonances of dpm ligands are generally sen-
sitive probes of the geometry of the complexes. In the case
of [Pdy(dpm)y(p-I{COCH,),]1, only a broad resonance at
4.14 ppm is observed. Evidence to be presented later
indicates that the width and the lack of resolution of this
resonance results from a rapid halide exchange process.

By monitoring the carbonylation by 'H NMR spec-
troscopy at low conversions, it has been possible to detect
the half-carbonylated species [Pdy(dpm)y(u-I)(COCHy)-
(CHy)]L Its 'H NMR spectrum in chloroform-d consists
of a methyl resonance at 0.86 ppm (t, J(P-H) = 5.9 Hz,
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Pd—CH,;), a methyl resonance at 1.55 (s, PdA-COCHjy), and
a methylene resonance at 4.22 (quintet, J(P-H) = 4 Hz,
dpm methylene). The observation of the triplet at 0.86
ppm is particularly significant. In [Pdy(dpm),(u-I)(CHj),]1
the methyl resonance appears as a quintet with an ap-
parent J(P-H) of 2.8 Hz.! The quintet occurs because the
coupling among the phosphorus atoms exceeds the pro-
ton—-phosphorus coupling (i.e., virtual coupling). As a
consequence, the observed coupling constant 2.8 Hz is the
average of the proton—phosphorus coupling involving the
two adjacent phosphorus atoms and the proton—phos-
phorus coupling involving the two distant phosphorus
atoms. The latter coupling constant is expected to be
nearly zero. In [Pdy(dpm),(u-I)(COCH3)(CHy)]I the virtual
coupling scheme breaks down since the two phosphorus
atoms are chemically inequivalent. Consequently the
methyl resonance appears as a triplet, showing coupling
only to the two adjacent phosphorus atoms. Moreover the
observed coupling constant is twice that seen in [Pd,-
(dpm)4(u-I){CHj),]I because the observed coupling is no
longer the average of two coupling constants, one of which
is nearly zero. Note also that the proton phosphorus
coupling observed for the methyl group in [Pdy(dpm)g(u-
I)(CHy)I]BF, is 5.7 Hz.! The formation of [Pdy(dpm),(u-
I)(COCH,4)(CH,)11I was always accompanied by the for-
mation of {Pd;(dpm),(u-I)(COCHjy),]1, and so separation
and isolation of the half carbonylated species was not
attempted.

Carbonylation of [Pd,(dpm),(u-Br)(CHjg),]Br proceeded
in a manner similar to that of the iodide analogue. How-
ever, the reaction was slower, and 5 days were required to
achieve a 81% yield of the product. Under similar con-
ditions, attempts to carbonylate either [Pdy(dpm)e(u-I)-
(CH,),]PF; or [Pd,y(dpm)y{u-Br)(CH;),]PF were unsuc-
cessful. Monitoring these reactions by infrared spectros-
copy revealed that no acetyl complex had formed after
exposure of these complexes to carbon monoxide for 3
days. The failure of this reaction is clearly kinetic rather
than thermodynamic, since the salts [Pd;(dpm),(u-X)-
(COCHy,),)PF are readily prepared by metathesis from the
halide salts with ammonium hexafluorophosphate. The
products are stable crystalline solids which behave as 1:1
electrolytes. The spectral characteristics are similar to
those of the halide salts except for the appearance of the
structure sensitive dpm methylene protons in the 'H NMR
spectra. These methylene protons appear as an AB quartet
with coupling to four virtually coupled phosphorus atoms
in both hexafluorophosphate salts. A representative
spectrum is shown in Figure 1, trace A. This pattern is
diagnostic of the presence of a A-frame structure for these
cations, and consequently the cations are assigned struc-
ture 3.11415  The methylene region of the 'H NMR
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spectrum of the hexafluorophosphate salts contrasts with
that of the halide salts where only a broad, featureless
resonance is seen. The difference is due to a dynamic

(15) Balch, A. L.; Benner, L. S.; Olmstead, M. M. Inorg. Chem. 1979,
18, 2996.
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Figure 1. The methylene region of the '!H NMR spectrum of
[Pd;(dpm),(u-I)(COCH,),] [PF] in dichloromethane-d, solution
in the presence of various quantities of [Ph;AsCH,l[I]. The
percentage of iodide ion added to the dinuclear complex is A, 0%;
B, 1.3; C, §; D, 10; E, 100.

process irivolving the counterion. As seen in Figure 1,
addition of iodide ion to [Pdy(dpm)y(u-I1)(COCHS,),]PFg
causes a loss of structure, broadening, and eventual coa-
lescence of the resonances. This can be explained by an
associative process shown in eq 1 in which a face-to-face
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R = C(=0)CH, or CH,

dimer€ is formed. Production of this face-to-face dimer
renders the two methylene protons of each dpm ligand
equivalent. A similar process has also been proposed to
account for the behavior of [Pdy(dpm),(u-X)(CHg),]* in
solution.!

The mechanism of carbonylation of [Pd,(dpm),(u-X)-
(CHy)ol* clearly involves participation of the counterion
since even the crude kinetics observed in our synthetic
studies indicate that the rate of carbonylation depends
upon the counterion in the order I > Br™ » PFg~. One
explanation for this trend would involve carbonylation
occurring via initial carbon monoxide attack upon the
face-to-face dimer 4 (R = CHy) rather than upon the A-
frame 1 itself. Alternatively, of course, the halide could
be responsible for promoting carbon monoxide insertion
by attacking an as yet undetected carbon monoxide adduct
of 1 after it had formed.

(16) Benner, L. S.; Balch, A. L. J. Am. Chem. Soc. 1978, 100, 6099.
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Figure 2. Infrared spectra of a dichloromethane solution of
{Pd,(dpm),(u-1{COCH,),)I after exposure to 45 psig of dioxygen:
A, no exposure; B, after 9 h; C, after 18 h; D, after 30 h.

Attempts to add isocyanides to the A-frame methyl
complex, 1, led to the formation of complex mixtures which
we have as yet not been able to separate.

Reactions of [Pd,(dpm),(u-I)(COCHj;),]*. Decarbo-
nylation of [Pdy(dpm),(u-I)(COCH3),]1 is readily achieved
by heating a solution of the complex in acetonitrile for 1.5
h. Decarbonylation produces [Pdy(dpm),(u-I)(CHgy),]I in
80% yield along with about 10% of Pd,(dpm),I,.

Treatment of [Pdy(dpm)y(u-1)(COCHS;),]1 with oxidizing
agents results in the smooth loss of the acetyl groups. The
reaction with dioxygen has been monitored by both in-
frared and 'H NMR spectroscopy. The infrared spectral
changes are shown in Figure 2. Under 45 psig of dioxygen
in dichloromethane solution, the acetyl absorption at 1710
cm™! decreases in intensity as absorptions due to acetic
anhydride at 1750 and 1825 cm™ grow. No other car-
bonyl-containing species is detected throughout the reac-
tion. The 'H NMR spectra confirm the formation of acetic
anhydride and indicate that the palladium complex formed
is Pdy(dpm),I,. Hence, the reaction proceeds as shown in
eq 2. Attempts to determine whether the acetic anhydride

[sz(dpm)2(/~t'1)(COCHa)z]I + 1/202 g
(CH;CO),0 + Pdy(dpm),l, (2)

formation is an intraionic process through isotope-labeled
crossover experiments!® have been thwarted by the rapid
exchange of methyl groups between acetic anhydride and
acetic anhydride-dg.

Treatment of [Pd,(dpm),(u-I)(COCHj,),]I with iodine
proceeds by reaction 3. The stoichiometry has been es-

[Pdy(dpm),(u-I)(COCH,),]I + 21, —
2CH,COI + 2Pd(dpm)I; (3)

tablished by titration. The products have been identified
by infrared spectroscopy, :H NMR spectroscopy and the
chemical reactivity of the acetyl iodide (hydrolysis to form
acetic acid). The formation of mononuclear Pd(dpm)I,
does not necessarily imply the fragmentation of the di-
nuclear starting complex before elimination. Pd,(dpm),l,
reacts rapidly with I, to yield Pdy(dpm),I, which then
rearranges to form Pd(dpm)I,.}4

Similarly bromine (in excess) reacts with [Pd,(dpm).-
(u-D(COCH3),] to yield acetyl bromide and Pd(dpm)Br.,.

Diphenyl disulfide reacts with [Pd,(dpm)y(u-I)-
(COCHy),]1 according to eq 4. The reaction proceeds more

[Pdy(dpm),(u-I}(COCHy),]I + PhSSPh —
2PhSC(==0)CH; + Pdy(dpm),l, (4)

slowly than the corresponding reaction with halogens.
Formation of (S)-phenyl thioacetate has been monitored
by both infrared and 'H NMR spectroscopy. During the
reaction there is no evidence for the formation of the al-

Lee, Hunt, and Balch
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Figure 3. The electronic spectra of A, solid line, Pdy(dpm)(u-
I)(CH,)I][BF,], and B, broken line, Pdy(dpm),(u-I}(COCH,)I]-
[BF,], in dichloromethane solution at 25 °C.

ternate product, acetyl iodide.

The acetyl elimination reactions appear to conform to
the pattern of oxidative addition followed by reductive
elimination which has been established for a number of
organometallics.!”!® In the present case, the inability to
detect intermediates does not allow us to ascertain whether
the initial oxidation produces mixed valence Pd(IV)-Pd(II)
species or metal-metal bonded Pd(III) dimers. The lack
of coupling of acyl groups to form a-diketones, which have
been found to form upon oxidation of at least one cis-
diacetyl complexes,? is not surprising in view of the large
geometric separation between the acyl groups in either the
A-frame 3 or the face-to-face dimer 4.

Insertion Reactions of [Pd,(dpm)y(u-1)(CH,)I]*.
Treatment of a dichloromethane solution of [Pdy(dpm),-
(u-D)(CH)I)BF, with carbon monoxide at 45 psig for 5 days
produces [Pd,(dpm)y(u-1)(COCH)I]|BF, which has been
isolated as dark brown crystals. The product is assigned
structure 5 because of the striking similarity of physical

properties to those of [Pdy(dpm),(u-I)(CH)I]BF 12 The
infrared spectrum indicates that the acetyl group is #* and
is not significantly perturbed by the presence of the second
palladium ion. The 3P NMR spectrum reveals the pres-
ence of two dissimilar phosphorus atoms. The spectrum
is readily analysed as an AA’BB’ pattern, and the param-
eters used in the analysis are given in Table II. The
electronic spectrum of [Pdy(dpm)y(u-I)(COCHy)I]BF, is
compared with the distinctive spectrum of [Pdy(dpm)y(p-
I)(CH,)I]BF, in Figure 3. The close similarity of these
spectra is taken to indicate that a weak metal-metal in-
teraction is present in both complexes. The 'H NMR
spectrum of [Pdy(dpm)y(u-I) (COCH)I]BF, shows a sym-
metrical quintet for the dpm methylene protons at 25 °C.
Structure 5 is an A frame, and inequivalent methylene
protons are expected. However, rapid rocking of the lig-
ands shown in eq 5 can render the dpm methylene protons

(17) Young, G. B.; Whitesides, G. M. J. Am. Chem. Soc. 1978, 100,
5808.

(18) Moravskiy, A.; Stille, J. K. J. Am. Chem. Soc. 1981, 103, 4182.
(19) Casey, C. P.; Bunnell, C. A. J. Am. Chem. Soc. 1976, 98, 436.
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equivalent. A similar process has been proposed to occur
in [Pdy(dpm),(u-I)(CHy)I]BF ..t

. F’h\ /CHZ\ /Ph
p\ /CHZ\ /Ph Ph—P F——~Ph
Ph—P P—"n 0
l / ! \\ | o — ‘ /I H .
e Pd\ = — /Pd,——Pd—CCH3 -~
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Addition of methyl isocyanide, which is also capable of
insertion into metal-alkyl bonds,® to [Pdy(dpm)y(u-I)-
(CH,)I]BF, results in the formation of a white complex
which has been isolated as a hexafluorophosphate salt.
The conductivity of this material is consistent with its
formulation as a 1:3 electrolyte. Spectroscopic data in-
dicate that it has structure 6 and is the product of iso-

3t

Ph CHe Ph
pn—p \P—/—Ph
CH§C\1 \ /CNCH3
P _Pd
l CH§=NEH3 ’

Ph—P, PP
Ph CHp Ph
6

cyanide insertion into the palladium-methyl bond as well
as substitution of the isocyanide ligands for the iodide
ligands. The terminal isocyanide ligands produce infrared
absorptions of 2267 and 2257 cm™, and the bridging ligand
has a characteristic C=N stretch at 1590 cm™. The 3'P{!H}
NMR spectrum shown in Figure 4 has been successfully
simulated as an AA’BB’ pattern. The simulation is also
shown in the figure. Since the coupling constants between
the chemically dissimilar phosphorus atoms are all less
than 50 Hz, the two different phosphorus atoms do not lie
trans to one another and bonded to the same metal. The
general pattern of coupling constants is consistent with
structure 6 and may be compared to similar complexes.?
The 'H NMR spectrum reveals the presence of four sin-
glets for the four nonequivalent methyl groups in the
molecule. The dpm methylene resonances indicate the
presence of an A-frame structure. Finally we note that
[Pd,(dpm)y(u-CH;N=CCH,)(CNCH,),]?* is isoelectronic
with the previously prepared [Pdy(dpm)y(u-CF3C=CCFy),
(CNCHj,),}%* and both of these are likely to have the long,

(20) For a review on isocyanide insertion reactions see: Yamamoto,
Y.; Yamazaki, H. Coord. Chem. Rev. 1972, 8, 225.
(21) Lee, C.-L.; Hunt, C. H.; Balch, A. L. Inorg. Chem. 1981, 20, 2498.
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Figure 4. The 3'P{!H} NMR spectrum of Pd,(dpm),(u-CH,C=
NCH3)(CNCHj;),]{PF¢]; in dichloromethane solution at 25 °C:
A, observed spectrum; B, simulated spectrum using the parameters
recorded in Table I

nonbonded palladium-palladium separation found in
Pdy(dpm),(u-CF;C=CCF3)Cl,.22  Other examples of
bridging iminoalkyl ligands®? and closely related bridging
formimidoyl ligands® are known.

The formation of 6 does not appear to be general with
regard to isocyanide substituent. With tert-butyl iso-
cyanide we find that the major product of the reaction is
the mononuclear complex (¢-BuNC),Pd(dpm),?* which
contains monodentate dpm ligands.?

The palladium-methyl bond in [Pdy(dpm),(u-I)(CHy)I]*
resists insertion of either sulfur dioxide or dimethyl-
acetylene dicarboxylate. [Pdy(dpm),(u-1)(CHy)I]BF, dis-
solves readily in liquid sulfur dioxide. Such a solution has
been held sealed at 25 °C. After 2 days, 80% of the un-
changed starting complex was recovered from the solution
after evaporation of the sulfur dioxide and recrystallization.
Similarly when [Pdy(dpm),(u-I)(CH3)I}BF, was allowed
to stand for 2 days with a tenfold excess of dimethyl-
acetylene dicarboxylate, only unreacted starting material
was recovered in 80% yield.
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A detailed study of the deprotonation of simple vinyl ethers is reported. The major a-deprotonation
reaction is accompanied by a temperature-dependent 8-deprotonation process. Pure, unsolvated (a-
methoxyvinyl)lithium and related acyl anion equivalents can be prepared quantitatively from the
transmetalation of (a-methoxyvinyl)tin compounds using n-butyllithium in hexane solution. These lithiated
compounds are useful intermediates for the preparation of a-deuterated and silylated vinyl ethers, the
latter providing an efficient route to acetylsilanes. A comparison of the relative efficiency of the trans-
metalation of (a-methoxyvinyl)- and vinyltin compounds is reported.

Our interest in the development of new routes to acyl
derivatives of group 4 metalloids led us to investigate the
application of deprotonated vinyl ethers to give metalated
adducts which are conveniently hydrolyzed to give the
desired metalloidal ketones.?

o owe ¢
(1) Li-f-Bu/THF H30 .
/:< ) Me zMCI /# Ri——CMMes
H R MME3
M = Si, Ge, Sn

With an excess of the lithiated vinyl ether relative to the
amount of the metalloidal halide, good yields of desired
vinylmetalloids could be routinely obtained. Examination
of the deprotonation reaction mixtures revealed that for
representative vinylic and aromatic vinyl ethers, side re-
actions invariably accompanied the formation of the de-
sired metalloidal adduct.

Several earlier studies have shown that this methodology
can also be used to prepare simple acetylsilanes from un-
substituted vinyl ethers.> However, one of these studies
revealed tha, under stoichiometric conditions, no inter-
mediate metalloidal vinyl ether was produced but rather
only a low yield of the acetylsilane. This result suggested
that the deprotonation of even unsubstituted vinyl ethers
was neither clean nor stoichiometric under the best con-
ditions reported. Further, the high solubility of the lithium
compound under the conditions of its generation in co-
ordinating solvents precluded purification prior to its use
as a synthetic reagent.

To overcome these apparent difficulties in the prepa-
ration of lithiated vinyl ethers, we chose to investigate the
transmetalation*® of (a-methoxyvinyl)tin compounds as
a potential route to pure, unsolvated acyl anion equiva-
lents.

(1) Supported by a William and Flora Hewlett Foundation Grant of
Research Corp.

(2) (a) Soderquist, J. A.; Hassner, A. J. Am. Chem. Soc. 1980, 102,
1577; (b) J. Org. Chem. 1980, 45, 541. (c) Hassner, A.; Soderquist, J. A.
J. Organomet. Chem. 1977, 131, Cl. (d) Soderquist, J. A.; Brown, H. C.
J. Org. Chem. 1980, 45, 3571,

(3) (a) Dexheimer, E. M.; Spialter, L. J. Organomet. Chem. 1976, 107,
229. (b) Soderquist, J. A.; Hassner, A. /bid. 1978, 156, C12. (c) Brook,
A. G.; Harris, J. W.; Lennon, J.; Sheikh, M. E. J. Am. Chem. Soc. 1979,
101, 83.

(4) (a) Seyferth, D.; Weiner, M. A. J. Am. Chem. Soc. 1961, 83, 3583;
(b) Chem. Ind. (London). 1959, 402.

(5) For applications of the transmetalation reaction to sulfur-substi-
tuted acyl anion equivalents see: (a) Grobel, B.-T.; Seebach, D. Synthesis
1977, 357; (b) Chem. Ber. 1977, 110, 867.
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Table I. Yield? of 2 under Various Reaction Conditions

mole ratio
MVE:Li-t-Bu:Me,SiCl temp, °C (time)® % yield

1:1:1 —78 — 0 (20 min)° 68
1.5:1:1 -78 — 0 (20 min) 66
1:1:1 ~78 — 0 (120 min)4 88
1.5:1.5:1 ~78 — 0 (20 min) 99
2:2:1 -78 — 0 (20 min) 100
1:1:1 0 43
2:2:1 0 69
2:2:1 ~78 5

¢ Yields based on Me,SiCl used and determined by GC
analysis using C, H,, as an internal standard (6 ft X !/, in.
30% SE-30 on DCDMS-treated Chrom W column).
b Time required to warm from -78 to 0 °C. ¢ Also ob-
served were 3 (trace), 9 (7%), 10 (7.4%), and MVE (20%).
4 Also observed were 3 (2%), 9 (1%), 10 (1.5%), and MVE
(9%).

Results and Discussion

We determined the efficiency of the deprotonation of
methyl vinyl ether (MVE) under various reaction condi-
tions by conversion of the lithium compound (1) to the
corresponding volatile silylated derivative (2) with subse-
quent GC analysis. These results are summarized in Table
I

OMe OMe OMe
Li-f-Bu Me3Sici
:< THF/CsHi2 :<
H Li SiMes
1 2

We also investigated bases other than tert-butyllithium
(e.g., n-butyllithium) and cosolvents other than THF (e.g.,
1,2-dimethoxyethane, diethyl ether, hexanes—-N,N,N’ N
tetramethylethylenediamine) but found the tert-butyl-
lithium—-THF system reported by Baldwin and co-workers$
to give superior results.

From the data in Table I, it was clear that the best
conditions involved the low-temperature addition of excess
tert-butyllithium solution to an excess of MVE in THF
solution followed by a slow warmup to 0 °C to give 1 which
gives a quantitative yield of 2.

The synthetic utility of this approach is exemplified by
the conversion of chlorotrimethylsilane to acetyltri-
methylsilane (3) in 66% overall isolated yield, a superior

(6) (a) Baldwin, J. E.; Hofle, G.; Lever, 0. W., Jr. J. Am. Chem. Soc.
1974, 96, 7125. (b) Lever, O. W. Jr. Tetrahedron 1976, 32, 1943.
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result to other routes previously reported to this com-
pound.®7

1 H,0
MeSiCl — 2 — CH,C(=0)SiMe,
84%  H* 78% 3

Using these conditions, we also prepared several (a-
methoxyvinyl)tin compounds in good isolated yield from
the corresponding tin chlorides.

OMe OMe OMe
SnMe3 Sn-7-Buz 4 sn
4 (85%) 5(92%) 6 (72%)

Vinyltin compounds* are known to undergo smooth
transmetallation reaction in ether solvent to give the
corresponding vinyllithium compounds. Unsolvated vi-
nyllithium can be prepared by using alkane reaction sol-
vents, but the reaction does not proceed to completion. We
examined the reaction of 4 with n-butyllithium in hexane
and found it to give a white solid which dissolves freely
in either diethyl ether (EE) or THF to give, after silylation,
quantitative yields of both 2 and n-butyltrimethyltin (7).

Li-n-~Bu

4 T 1 + »~-BuSnMesz

7
Me3SiCi 2

THF or EE

Filtration after transmetalation of the supernatant liquid
removes the dissolved 7, leaving the pure lithium com-
pound (1) which after washing with pentane is converted
to 2 in 97% yield free of impurities.

Isolation of the pyrophoric 1 in 95% yield can be easily
accomplished by washing the precipitated material several
times with pentane followed by drying in vacuo. We at-
tempted to prepare the lithium compound by deprotona-
tion of MVE in THF using tert-butyllithium followed by
solvent removal in vacuo but invariably obtained a glassy
solid which gave ca. 60% of 2 after silylation and which
also contained minor alkane impurities as well as THF
which corresponded to 50 mol % of the amount of 2. This
suggested that the lithium product was complexed to THF,
and this ligand could not be easily removed without de-
composition of 1.

As a more economical source of 1 we carried out the
transmetalation of 6 with 4 equiv of n-butyllithium which
gave 2 (73%) and 5 (83%).

We found that pure 5 undergoes smooth transmetalation
in 2 h at 25 °C to give, after silylation, 2 in 95% yield and
a 94% vyield of tetra-n-butyltin (8).

Employing these reaction conditions gives, after silyla-
tion, a 90% yield of 2 from 6 and 4 equiv of n-butyllithium,
making this a highly efficient and economical route to the
pure unsolvated reagent (1).

6—4Ll—ngll+n-Bu48n—8> MZ
CeHyy 8

From the results given in Table I, it was clear that the
actual warmup process in the deprotonation of methyl
vinyl ether was critical in the case of the 1:1:1 stoichiom-
etry, where minor amounts of byproducts were found to
accompany the formation of 2 (see Table I).

The presence of 9 and 3 could be easily understood from
the hydrolysis of chlorotrimethylsilane and 2, respectively.

The presence of 10 in these reaction mixtures was more
puzzling. Acetylenic products had not been reported by

(7) Brook, A. G. Adv. Organomet. Chem. 1968, 7, 95.
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OMe
Li~f-Bu Me 3SiCl Ha0 s
2+3+ (M83SI)20 +
THF/CsH)a
9
Me3SiCECSiMe3
10

using the tert-butyllithium—-THF system although an n-
butyllithium—THF medium at ambient temperature was
reported to give acetylenic products.” Lever proposes a
8 metalation process to account for such products. Ad-
ditionally, 10 was not observed in reaction mixture where
in apparent excess of 1 was used.

Analysis of the starting vinyl ether ruled out an acety-
lene impurity® as the precursor of 10. Further, we used
ethyl vinyl ether (purity >99.7%) and found that 5 was
also formed in 3.4% yield together with the desired (a-
ethoxyvinyl)trimethylsilane (11) in 59% yield under the
20-min warmup and 1:1:1 stoichiometric conditions.

OEt OEt
=/ Li-/-Bu Me 3SiCl <
THF/CgHj2 +10
SiMe3
11

With use of the conditions reported by Oakes and Se-
bastian,® which utilized excess tert-butyllithium to de-
protonate the ether, the yield of 6 increased to 90% while
10 diminished to 1.4%. Thus, the acetylenic silane (10)
appears to form from the metalation reaction rather than
from the deprotonation of acetylene in the starting vinyl
ether.

At least two pathways could result in the formation of
10.

OMe
e =< Ve pCm=Ct ———= HCECH
Li
H OMe 1
LiC==CLi
H
H OMe / Me 3SiCI
B _e# —-LiOMe HCo==CH
Li 10

While we did not observe products derived from the
vinylidene intermediate in path «, we chose to test the
stability of 1 in regard to such a decomposition reaction.
To do this, we prepared pure 1 by the transmetalation
procedure, dissolved it in a 50:50 THF /pentane mixture
at —78 °C, and allowed it to warm to 0 °C over ca. 20 min.
After treatment with chlorotrimethylsilane, only 2 was
observed in 95% yield without the formation of 10. Thus,
it appears likely that 8-deprotonation of MVE rather than
decomposition of 1 is responsible for the formation of 10
in our original reaction mixtures.

Still unanswered was the question as to why no 5 was
found in reaction mixtures using an excess of 1 relative to
chlorotrimethylsilane. To better understand this phe-
nomenon, we treated pure 1 in THF solvent with 10.

(1) THF

0°C
@) H,0
2 + HC=CSiMe; +HC=CH

1+ Me3SiCECSiM33
10

(8) Varying amounts of acetylene have been observed in commercial
cylinders of MVE. DePuy, C. H., private communication.
(9) Oakes, F. T.; Sebastian, J. F. J. Org. Chem. 1980, 45, 4959.
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After 1 h, 2 formed quantitatively, indicating that if
minor amounts of dilithioacetylene were formed in de-
protonation mixtures which, after silylation, gave 10, this
compound underwent smooth transmetalation with the
excess 1 in the mixtures to give back dilithioacetylene and
form the desired product, 2.

We also examined the base strength of 1 in THF by
adding equal molar amounts of either triphenylmethane
or diisopropylamine and found, after silylation, only MVE
but no detectable amount of 2, indicating that 1 was
sufficiently basic to deprotonate these weak acids.

The relative efficiency of the transmetalation of vinyl-
trimethyltin (12) was compared to (a-methoxyvinyl)tri-
methyltin (4). Whereas 4 gives an essentially quantitative
reaction with n-butyllithium in hexane to give solid 1 in
2 h at 0 °C, these conditions do not provide any detectable
amount of solid vinyllithium from 12. However, in diethyl
ether, 12 gives, after silylation, vinyltrimethylsilane in 90%
yield accompanied by n-butyltrimethyltin (7) in 99% yield
consistent with Seyferth’s findings that ether solvents
enhance this reaction.* An equal molar mixture of 4 and
12 and n-butyllithium, after silylation, gives only products
derived from the transmetalation of the a-methoxyvinyl
compound (4) with recovered 12 observed in 92%. For

OMe
4 + 12 % MezsiL + n-BuSnMes
SiMesz 7(99%)
2(99%)

a demonstration that this result was not merely a kinetic
phenomenon, prior treatment of 12 in ether with n-bu-
tyllithium, followed by the addition of 4, followed by si-
lylation gave only recovered 12 (100%), 2 (90%), and 7
(99%), indicating that vinyllithium undergoes smooth
transmetallation with the («-methoxyvinyl)tin derivative
(4) to give 1 and the vinyltin compound (12).

In ether solution, we also found that methylithium un-
dergoes smooth transmetalation with (a-methoxyvinyl)tin
compounds such as 6 to give, after silylation, 2 (80%) and
tetramethyltin in essentially quantitative yield.

Pure 1 dissolved in THF-d; gives NMR signals at § 3.34
(s, 3 H), 3.93 (s, 1 H), 4.84 (s, 1 H). However, at probe
temperatures (ca. 33 °C), decomposition of 1 occurs with
the formation of peaks centered at 3.64 ppm. However,
in CgDg containing 1 and THF in equal molar amounts,
the reagent is stable to these conditions and gives the
corresponding NMR signals at 3.59, 4.56, and 5.39 ppm,
respectively. Thus, the proton magnetic environments are
dramatically solvent dependent as is the reagent stability.

In order to demonstrate the utility of the trans-
metalation procedure, we carried out the preparation of
a-deuteriovinyl methyl ether (13) in 82% isolated yield in
>99% chemical purity with no NMR or MS evidence for
non-a-deuteration.

OMe OMe
< 100% D0 <

Li o]
1 13

Our studies? on the deprotonation of cis-8-methoxy-
styrene (14) with tert-butyllithium had revealed that this
reaction gave unreacted starting material, addition—elim-
ination products (15) as well as the desired Z-lithiated
product (16).

This prevented preparation of a cleanly deuterated
product but allowed the isolation of pure silylated and
stannylated derivatives by distillative purification. In
hexane solution, 18 underwent smooth transmetallation

Soderquist and Hsu

Li
=\ Li-7-8y —_— ¢=<
————— +
THF TMEDA  / 77
Ph OMe Ph Mes Ph  OMe
14 15 16

to give pure, unsolvated 16 as a pale tan solid which either
can be silylated to give 17 in 76% GC yield or deuterated
to give (£)-3-deuterio-3-methoxystyrene (19) in 40% iso-
lated yield.

SiMe3 SnMez
Me3SiCi MezSnCl
¥ 16 ——=
Li~n-Bu
Ph OMe Dzol Ph OMe
17 18
H D
Fh  OMe
19
Conclusion

In this study we have examined the deprotonation of
vinyl ethers with tert-butyllithium using THF solvent and
found that minor amounts of 8 deprotonation can accom-
pany the major a-deprotonation process. The preparation
of pure silylated or stannylated products requires an excess
of the lithiated vinyl ethers with respect to the chloro-
metalloids used. Silylated vinyl ethers provide a highly
efficient route to acetylsilanes. Stannylated vinyl ethers
undergo smooth, efficient transmetalation with n-butyl-
lithium in hexane to give pure, unsolvated (a-methoxy-
vinyl)lithium and related compounds which are easily freed
from impurities for use in subsequent preparations.

Experimental Section

All experiments were carried out by using predried glassware
(4 h at 110 °C) under either a nitrogen or argon atmosphere.
Standard handling techniques for air-sensitive compounds were
employed throughout this study.!?

Organolithium reagents were obtained from Aldrich Chemical
Co. and were standarized by using the method of Lipton, Sorenson,
Sadler, and Shapiro.l! Methyl vinyl ether was obtained from
Union Carbide and was directly distilled into reaction solvents.
Other ethers and hydrocarbon solvents were distilled from lithium
aluminum hydride prior to use. Chlorotrimethylsilane was dis-
tilled from calcium hydride. All other organosilicon and organotin
compounds not prepared in this study were obtained from com-
mercial sources or prepared as previously described? and were
used directly without additional purification.

NMR data were obtained by using either a Varian E360 or
FT80A spectrometer. MS data!*!® were obtained by using a
Finnigan 4000 GC-MS. IR data were obtained by using a Per-
kin-Elmer Model 457 spectrophotometer (TF = thin film). All
gas chromatographic measurements were obtained by using a
Perkin-Elmer Model Sigma 1B instrument using 5% SE-30 on
silylated Chrom W (6 ft X 1/4 in.).

General Procedure for the Deprotonation of MVE, A
standard (1.0 M) solution of methyl vinyl ether was prepared in
THF, and appropriate quantities of the reagent were treated
dropwise with standardized tert-butyllithium in pentane at the
appropriate temperature. For reactions at -78 — 0 °C, the
mixtures were allowed to warm to 0 °C and subsequently recooled
to ~78 °C, treated with chlorotrimethylsilane, allowed to reach
ambient temperature, and, after addition of decane as an internal

(10) Brown, H. C.; Midland, M. M.; Levy, A. B.; Kramer, G. W.
“Organic Synthesis via Boranes”; Wiley Interscience: New York, 1975;
Chapter 9.

(11) Lipton, M. F.; Sorensen, C. M.; Sadler, A. C.; Shapiro, R. H. J.
Organomet. Chem. 1980, 186, 155.

(12) Soderquist, J. A.; Hassner, A. J. Organomet. Chem. 1981, 217, 151.

(13) Unless otherwise noted (asterisk), ms peaks for organotin com-
pounds are reported only for the tin-120 isotope (32.85%).
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standard, quenched with saturated ammonium chloride solution.
A portion of the organic layer was dried over anhydrous potassium
carbonate and subsequently analyzed by gas chromatography. A
similar procedure was used for the study of ethyl vinyl ether. A
glassy solid resulted after attempted removal at 0.10 torr in the
MVE deprotonation reaction which gave, after silylation in etheral
solution, a 60% yield of 2 together with THF (50 mol % of 2)
as well as minor amounts of alkane impurities.

(a-Methoxyvinyl)trimethylsilane (2). Methyl vinyl ether
(72 g, 1.24 mol) was dissolved in THF (450 mL) at —78 °C and
transferred to a 2-L round-bottomed flask using a double-ended
needle. While reaction temperature of <-70 °C was maintained,
tert-butyllithium solution (500 mL, 2.0 M, 1.0 mol) was added
dropwise over ca. 90 min. The mixture was allowed to slowly warm
to 0 °C over 3 h and subsequently recooled to =78 °C. Chloro-
trimethylsilane (84.6 g, 0.78 mol) was added dropwise, and the
mixture was allowed to warm to room temperature and stirred
for an additional 1 h. The mixture was quenched with saturated
NH,Cl solution, extracted with water (12 X 250 mL), dried over
anhydrous K,COs, and distilled to give 85 g (84%) of 2: bp
102-104 °C (760 torr); NMR (CDCly) 6 0.09 (s, 9 H), 3.50 (s, 3H),
428 (d, 1 H, J = 2.0 Hz), 4.50 (d, 1 H), J = 2.0 Hz); MS, m/z
130 (6), 115 (20), 89 (47), 73 (100), 59 (29, 44 (11), 42 (15); IR (TF)
1590 cm™ (C=C). Caled for C¢H,,08i: C, 55.32; H, 10.83. Found:
C, 55.58; H, 10.92.

Acetyltrimethylsilane (3). To 2 (65 g, 0.50 mol) was added
300 mL of a 4:1 acetone-1 M HCl mixture. After 1h at 25 °C,
the pale yellow-green solution was treated with ether (150 mL)
and water (150 mL). The aqueous layer was extracted with ether
(2 X 50 mL), and the combined ether extracts were washed with
water (3 X 100 mL), dried over anhydrous MgSQ,, and distilled
to give 45 g (78%) of 3: bp 112 °C (760 torr) [lit.” 112 °C (760
torr)]. NMR (CCl,) 6 0.09 (s, 9 H), 2.16 (s, 3 H); MS, m/z 116
(13), 101 (11), 73 (100), 59 (6), 44 (34), 42 (15); IR (TF) 1645 cm!
(C=0). Caled. for C;H;,08i: C, 51.66; H, 10.41. Found: C, 51.75;
H, 10.42.

(a-Methoxyvinyl)trimethyltin (4). To a cold solution (-78
°C) of (a-methoxyvinyl)lithium prepared as for 2 from MVE (11.5
g, 200 mmol) and tert-butyllithium (83 mL, 1.8 M, 150 mmol)
was added chlorotrimethyltin (20.0 g, 100 mmol) in THF (20 mL)
to give after workup 18.7 g (85%) of 4: bp 51 °C (19 torr); NMR
(CDCIly) 6 0.26 (s, 9 H), 3.57 (5,3 H), 4.15 (d, 1 H, J = 2 Hz), 4.71
(d, 1 H, J = 2 Hz); MS, m/z 222 (4), 207 (61), 181 (47), 165 (100),
151 (80), 135 (42), 120 (18); IR (TF) 1575 cm™ (C=C). Caled for
C¢H,,08n: C, 32.63; H, 6.39. Found: C, 32.82; H, 6.42.

(a-Methoxyvinyl)tri-n -butyltin (5). As for 4, from MVE
(100 mmol), tert-butyllithium (75 mmol), and chlorotri-n-butyltin
(16.3 g 50 mmol), 16.0 g (92%) of 5, bp 85-86 °C (0.10 torr), was
obtained: NMR (CDCly) é 0.6-1.8 (m, 21 H), 3.62 (s, 3 H), 4.34
(d,1 H, J = 2 Hz), 497 (d, 1 H, J = 2 Hz); MS, m/z 291 (87),
265 (21), 235 (100), 209 (13), 175 (69), 145 (34), 121 (75); IR (TF):
1575 em™ (C=C). Caled for C;;H308n: C, 51.90; H, 9.29. Found:
C, 52.03; H, 9.32.

Tetrakis(a-methoxyvinyl)tin (6). To a cold (-78 °C) solution
of (a-methoxyvinyl)lithium prepared as for 2 from methyl vinyl
ether (67 g, 1.16 mol) in THF (300 mL) and tert-butyllithium (400
mL, 2.0 M, 0.80 mol) was added tin tetrachloride (39.2 g, 0.15 mol)
in pentane (300 mL) dropwise. After being quenched with sat-
urated NH,Cl solution, the dried (K,CO3) solution was concen-
trated and distilled to give 37.4 g (72%) of 6, bp 116-120 °C (0.2
torr). Recrystallization from 95% ethanol gives a crystalline
material: mp 25-27 °C; NMR (CDCl;) 6 3.60 (s, 12 H), 4.47 (d,
4H,J =25Hz Jg, y =43 Hz), 490 (d,4 H, J = 2.5 Hz, Jg,.
= 139, 133 Hz) MS, m/z 291 (19), 209 (11), 177 (12), 151 (47),
114 (100)*; IR (CCl,) 1578 cm™ (C=C). Caled for C,,Hz0S8n:
C, 41.53; H, 5.81. Found: C, 41.80; H, 5.83.

(a-Ethoxyvinyl)trimethylsilane (11). To ethyl vinyl ether
(10.8 g, 150 mmol) in THF (75 mL) at —78 °C was added tert-
butyllithium solution (75 mL, 2.0 M, 150 mmol) dropwise. After
the addition was completed, the mixture was allowed to warm
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to 0 °C over ca. 1 h, recooled to -78 °C and treated with chlo-
rotrimethylsilane (10.9 g, 100 mmol), and allowed to reach ambient
temperature. After 1 h, the mixture was quenched with saturated
ammonium chloride solution, dried over anhydrous potassium
carbonate, filtered, and distilled to give 9.8 g (68%) of 11: bp
117-119 °C (760 torr); NMR (CDCly) 6 0.10 (s, 9 H), 1.22 (t, 3
H,J=8Hz),370(q,2H,J =8 Hz),4.27 (d,1 H, J = 2 Hz),
4.57 (d, 1 H, J = 2 Hz); MS; m/z 144 (30), 129 (40), 89 (87), 73
(100), 59 (98), 45 (82), 73 (76).

General Procedure for the Transmetalation of (a-Meth-
oxyvinyl)tin Compounds. A solution of the appropriate (a-
methoxyvinyl)tin compound in hexanes (1 M) at 0 °C was treated
with 1 equiv of n-butyllithium solution, and the mixture was
stirred for an additional 2 h unless otherwise noted. The pre-
cipitate was dissolved directly with added THF (ca. 20% v/v),
treated with chlorotrimethylsilane, decane standard, and quenched
with saturated ammonium chloride solution. The organic portion
was dried over anhydrous potassium carbonate prior to GC
analysis. Alternatively, the preciptated lithium compound was
filtered by using a fritted side-arm filter, washed with several
portions of pentane, and either dried in vacuo or dissolved in an
appropriate solvent for subsequent reactions. A similar method
was used to carry out a comparative study of 4 and 12 in ether
solution as described in the Results and Discussion.

General Procedure for the Reaction of 1 with 10. A solution
of 1 in THF at -78 °C was treated with 0.50 mol equiv of bis-
(trimethylsilyl)acetylene (10). After being warmed to 0 °C, the
mixtures were quenched at appropriate time intervals with sat-
urated ammonium chloride solution, decane standard was added,
and, after the mixture was dried over anhydrous potassium
carbonate, the organic layer was analyzed by GC. Initially, at
15 min and at 1 h, the yield of 2 increased regularly from 22 —
48 — 100%. At these intervals, mono(trimethylsilyl)acetylene
gave values of 36, 71, and 0%. The recovered 10 diminished (60,
17, and 0%) consistent with the formation of 2. MVE was also
observed at the intermediate reactions times. The volatile
acetylene was observed only in minor amounts in each run.

a-Deuteriovinyl Methyl Ether (13). A 50-mL round-bot-
tomed flask equipped with a septum inlet, fritted-glass filter, and
empty Dewar condenser was charged with tetrakis(a-methoxy-
vinyl)tin (6) (2.67 g, 7.7 mmol) in hexanes (15 mL). While a
reaction temperature of 0 °C was maintained with an ice bath,
n-butyllithium solution (22 mmol) was added and the mixture
was allowed to stir for 2 h. The white precipitate was filtered
and washed with hexanes (3 X 5 mL) and decane (6 X 5 mL).
Dry-ice/acetone coolant was placed in the condenser, and the
lithium compound in a decane (10 mL) slurry was treated with
100% D,0 (1.0 mL) dropwise. After 15 min, the mixture was
frozen with a Dry-ice/acetone bath, and the condenser was re-
placed with a distillation apparatus. Distillation gave 1.06 g (82%)
of 13: bp ca. 14 °C (99+% pure by GC); MS, m/z 59 (100), 44
(87), 42 (27), 32 (22), 31 (62), 30 (59); NMR (CCl,) 5 3.50 (s, 3 H),
3.93 (m, 1 H), 4.05 (dd, 1 H, J = 2 Hz).

(Z)-8-Deuterio-3-methoxystyrene (19). To a solution of 18
(0.98 g, 4.0 mmol) in pentane (4 mL) was added n-butyllithium
(2.66 mL, 1.5 M, 4.0 mmol) dropwise. After 2 h at 0 °C, the
mixture was filtered, washed with pentane (4 X 5 mL), and
quenched with D,O (1.5 mL). After separation, the dried (K,COj)
organic material was concentrated and distilled to give 0.21 g
(40%) of 19: bp ca. 55 °C (0.6 torr); NMR (CCl,) 6 3.70 (s, 3 H),
5.10 (b s, 1 H), 7.20 (m, 5 H); MS m/z 135 (66), 92 (100), 66 (40),
51 (23), 39 (30).
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Both the infrared and electron spin resonance spectrum of Mn(CO); have been misassigned in the earlier
literature. Church et al. have finally reported the infrared spectrum of Mn(CO);, produced by the photolysis
of HMn(CO); (J. Am. Chem. Soc. 1981, 103, 7515-7520). We have found corroborating evidence of their
conclusions by electron spin resonance spectroscopy. The photolysis of HMn(CO); in Ar matrices yields
the ESR detectable Mn(CO);, H:, and HCO. In CO matrices, the photolysis yields only Mn(CO); and HCO.
The ESR spectrum of Mn(CO); is axial with g;= 2.00 and g, = 2.04. The manganese hyperfine splitting
constants are 65 and —-33.5 G for A{gand A |, respectively These parameters suggest that the lone electron

is localized in a metal-centered or
of the 4p, and 4s orbitals.

Introduction

Church et al. have recently established that photolysis
of HMn(CO); in a carbon monoxide matrix yields the
elusive Mn(CO); molecule.! Using infrared spectroscopy
with 12CO labeling, their results show that Mn(CO); has
the expected C,, structure, with § = 96 £ 3°. The spectrum
which they assigned to Mn(CO)j; is considerably at variance
to that reported by Huber et al.2 The latter authors had
claimed to have produced Mn(CQ); by cocondensing
manganese metal with CO. Out of this latter work a report
appeared of the ESR parameters which were assigned to
Mn(CO);.® The work of Howard et al. now confirms that
assignment.? In view of the doubt cast on the infrared
evidence for Mn(CO); produced by cocondensation, we
consider it of interest to publish the ESR evidence for
Mn(CO); produced by the photolysis of HMn(CO); in
matrices.

The search for the ESR spectrum of Mn(CO); has re-
sulted in a number of erroneous reports. An early ESR
spectrum of sublimed Mny(CO),, thought to be due to
Mn(CO),® was later shown to be due to O,Mn(CO);, no
ESR signals being obtained in the absence of oxygen.®
This was surprising since Co(CO), was readily obtained
under the same conditions. It was therefore tentatively
suggested that Mn(CO), was trapped but that its ESR
spectrum was broadened by an efficient spin-lattice re-
laxation process. In the meantime, a species having an
isotropic spectrum in the free-spin region with A(¥*Mn)
= 93 G, formed by the photolysis of Mn,(CO),,, was also
identified as Mn(CO);.” However, this species had
properties characteristic of a symmetrical high-spin Mn(II)
complex, and this was established conclusively by using
S-band ESR spectroscopy.®

(1) Church, S. P.; Poliakoff, M.; Timney, J. A.; Turner, J. J. J. Am.
Chem. Soc. 1981, 103, 7515-7520.

(2) Huber, H.; Kindig, E. P.; Ozin, G. A.; Pog, A. J. J. Am. Chem. Soc.
1975, 97, 308-314.

(8) Ozin, G. A. personal communication cited by: Huffadine, A. S.;
Peake, B. M.; Robinson, B. M.; Simpson, J.; Dawson, P. A. J. Organomet.
Chem. 1976, 121, 391-403.

(4) Howard, J. A.; Morton, J. R.; Preston, K. F. Chem. Phys. Lett.
1981, 83, 226-228.

(5) Fischer, E. O.; Offhaus, E.; Miiller, J.; Néthe, D. Chem. Ber. 1972,
105, 3027-3085.

(6) Fieldhouse, S. A.; Fullam, B. W.; Nielson, G. W.; Symons, M. C.
R. J. Chem. Soc., Dalton Trans. 1974, 567-569.

c (7) Hallock, S. A.; Wojcicki, A. J. Organomet. Chem. 1973, 54, C27~
29.
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ital consisting mainly of the 3d,: orbital mixed with smaller amounts

The concept of rapid relaxation® is not supported by the
CIDNP studies of Sweany and Halpern,? whose data re-
quire that Mn(CO); have g values close to 2.00. This
accords with Burdetts’ predictions for Mn(CO);,° and it
is clear that Mn{(CO); should have a well-defined ESR
spectrum in the free-spin region that should be readily
detectable.

More recently Kidd et al. have observed the ESR
spectrum of several derivatives of Mn(CO);. These com-
plexes have phosphines or phosphites substituted for
carbon monoxide to such an extent that the mononuclear
species do not dimerize. As such they have reasonably long
lifetimes and can be observed at room temperature.!!

Results and Discussion

The results are summarized in Table I, together with
those for some related species. They agree with the
spectrum reported by Howard et al. within experimental
error although the matrices are vastly different,* and they
agree with that of Ozin.? A typical ESR spectrum is given
in Figure 1. The spectrum is axial within experimental
error. The M; = -3/, and -5/, parallel components are
weak and were barely noted above the noise of the base
line. Intensity calculations were made analogous to those
reported by Neiman and Kivelson which model the gross
details of the spectrum, although no actual curve fitting
of the derivative spectrum was attempted.'? In particular,
the anomolously large intensity exhibited by the M; = 3/,
parallel component is actually derived from a maximum
in the intensity for molecules which are neither aligned
parallel nor perpendicular to the field. The calculated
angle at which the absorption is maximal varies consid-
erably with the input parameters, but for all reasonable
estimates, the field position of this maximum overlays the
position of g, to within several gauss. For the parameters
listed in Table I, the intensity becomes maximal with § =
17.79°. Similarly, the intensity of the M; = 3/, perpen-
dicular component, already intense in its own right, is
augmented by a maximum in the absorption at § = 81.41°.

(8) Hudson, A.; Lappert, M. F.; MacQuitty, J. J.; Nicholson, B. K.;
Zainal, H.; Luckhurst, G. R.; Zannoni, C.; Bratt, S. W.; Symons, M. C.
R. J. Organomet. Chem. 1976, 110, C5-C8.

(9) Sweany, R. L.; Halpern, J. J. Am. Chem. Soc. 1977, 99, 8335~8337.

(10) Burdett, J. K. “Molecular Shapes”; Wiley: New York, 1980.

(11) Kidd, D. R.; Cheng, C. P.; Brown, T. L. J. Am. Chem. Soc. 1978,
100, 4103-4107.

(12) Neiman, R.; Kivelson, D. J. Chem. Phys., 1961, 35, 156-161.
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Table 1
hyperfine splitting
A”/G A_L/G aiSO/G 2B/G g" gl

Mn(CO)

this wérk 65+ 4¢ -33.5+ 2¢ +66 2.004 + 0.010¢ 2.043 + 0.010¢

ref 3 +65.8 +32.8

ref 4 +66+ 3 -30:3 +2 +64 2.000 + 0.003 2.038 = 0.003
Mn(CO),(PBu,)," +54.1 +35.7 +7b 2.040 2.040
Mn,(CO),, ' +34.9 -29.2 -7.8 +42.7 1.999 1.998
Mn(CO),Cl™-# +52.5 -51.3 -16.7 +35.8 2.000 2.001

@ g values and splitting constants are estimated from spectra without regard to second-order effects. b Measured value in
solution, different from conditions used to measure axial and perpendicular components.

L | | 1

{

33506

|

+5/2  +3/2 /2 -1/2
7| | |

-3/2

~5/2
1 I _J

+5/2 +3/2

+1/2

-1/2 -3/2 ~5/2

Figure 1. X-band ESR spectrum of Mn(CO); in an argon matrix. The spectrum resulted from the photolysis of a 1:1000 mixture
of HMn(CO); in argon for 40 min. The matrix has been annealed at 20 K, and the hydrogen atom signal has been substantially attenuated.

Asterisk marks the absorptions due to HCO.

The situation is analogous to that which was described by
Neiman and Kivelson for the M; = -3/, features of a Cu(II)
complex. In addition to the features assigned to Mn(CO)s,
a central line due to radicals in the quartz vacuum en-
closure and weak doublet features for HCO and H are
obtained by using argon matrices. When carbon monoxide
matrices are used, the intensity for HCO features was
greatly increased, and no H atoms were detected. The
infrared results! show that in argon, the major photo-
chemical act is

HMn(CO); — HMn(CO), + CO (1)
the reaction
HMn(CO); — H + Mn(CO); (2)

being minor. Our results show that H- atoms are produced
at lower quantum yields in the absence of CO as in the
presence of CO. As the progress of photolysis is monitored
as a function of time, HCO grows in prior to the obser-
vation of H.. Presumably reaction 2 is reversed by a cage
effect of unknown efficiency. The H- atom loss processes
which are first observed are those which occur in the vi-
cinity of free CO, and the hydrogen atom is trapped by the
CO as HCO. With prolonged irradiation, the less probable
event of forming simple H- atoms in the matrix is finally
observable. This chemistry is analogous to the behavior
of HCo(CO), in matrices.'®* By contrast, the CO loss
process of HCo(CO), is efficiently reversed, even in the
absence of doped quantities of free CO so that little

(18) Sweany, R. L. Inorg. Chem. 1980, 19, 3512-3516.
(14) Sweany, R. L. Inorg. Chem. 1982, 21, 752-756.

HCo(CO); is observed in argon matrices. The CO loss
process for both HCo(CO), and HMn(CO); is effectively
reversed in CO matrices and only HCO and the respective
metal-centered radicals are observed. Just as is apparent
in these spectra, the quantum yield for homolysis increases
with the availability of free CO in the matrices, suggesting
that there is a cage recombination reaction even for the
hydrogen atom loss process.

We consider the identification of the absorbing species
in these spectra as Mn(CO); is unambiguous in the light
of the infrared data on this system and in agreement with
previously reported ESR spectra.’® The form of the g
tensor establishes that the lone electron occupies a non-
degenerate orbital which lies on the molecular 4-fold axis.
The shift for g, from the free electron value indicates some
participation of doubly degenerate orbitals of the x,y plane
in the HOMO. Conventionally, the HOMO which contains
the lone electron would be taken to be mainly the 3d,:
orbital of the metal, although the degree of its participation
cannot be derived unambiguously from these experiments.
Because A;,,(**Mn) is unobtainable, there are four alter-
native ways of analyzing the hyperfine tensor components
which are presumed to be principal values. With the
electron in an orbital of A; symmetry the parallel aniso-
tropic coupling constant (2B) should be positive. This is
true regardless of the amount of admixture of 4p, in the
orbital with the 3d,2. For the four permutations of signs
of the A tensor diagonal elements, only those with A, >
0 give a positive B. The A, value may be positive or
negative. If it is taken as positive, then the calculated
isotropic coupling constant, a = +44 G. With a negative
A |, the value of the isotropic coupling constant is negli-
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gible. We prefer this latter result for two reasons. First,
it is quite similar to the reported values for substituted
Mn(CO);.1* Second, with a = -1, the anisotropic coupling
constant, 2B, becomes +66 G, which implies the d orbital
contribution to the HOMO is about 60%.® The opposite
gign for A, would imply only 20% d character in the
HOMO.

A small isotropic coupling of ca. zero arises because of
a large admixture of the 4s atomic orbital in the half-filled
molecular orbital. This adds to the normal value of ca. ~90
G which arises from the polarization of the core electrons
by a lone electron in the 3d shell. A 4s orbital population
of ca. 8% would just cancel out the orbital contribution.!?
It is interesting to note that no 55Mn hyperfine features
should be detected in the liquid phase. This will make the
solution identification of Mn(CO); extremely difficult.

It is interesting to compare these results with those for
the (CO);Mn-Mn(CO);™ anion formed by electron at-
tachment to Mny(CO)(.1¢ The data, given in Table I, were
analyzed in the manner described herein to give 39% each
for the two d,: orbitals and ca. 7% 4s character for each
atom. For comparison with the present results, these data
should be doubled to give 78% d,: character and 14% 4s
character. While these values are only approximations,
nonetheless the trend to greater localization with the d,:
orbitals together with greater 4s character are almost
certainly correct.

The increased localization can be understood in two
ways. One is that electrons have been shown to be more
localized in dimer ¢* radicals than in the corresponding
monomers.® This was found, for example, for -PR, rad-
icals and R;P-PR;* cations!” and for NO, and O,N-NO,*-
cations.!® Probably our present results reflect the same
trend. However, we expect to find some tendency for the
unpaired electron to favor the space opposite to the axial
ligand and to try to avoid the Mn—CO antibonding region.
This can best be achieved by admixing 4p, with the 3d,:
orbital. Since the anisotropic hyperfine coupling for a 4p,
orbital is far less than that for 3d,», a shift in spin density
from 3d,: into 4p, would cause a reduction in 2B, as ob-
served. There is, of course, less if anything to be gained
by such admixture for the dimer anion.

The effect of 4s admixture is to increase spin density
in the axial lobes of the d,2 orbital and decrease that in the
ring lobe. This is favored since it moves the electron away
from the antibonding region of the four equatorial ligands.
This tendency is apparently slightly reduced for Mn(CO);
relative to the dimer, and this may accord with the greater
tendency for o* electrons to become localized.

Comparison with the monohalo anions, Mn(CQO)s~halo™
is also of interest.!? Data for the chloride, also given in

(15) See, for example: Symons, M. C. R. “Chemical and Biochemical
Aspects of Electron Spin Resonance Spectroscopy”; Van Nostrand-
Reinhold: London, 1978.

(16) Anderson, O. P.; Symons, M. C. R. J. Chem. Soc., Chem. Com-
mun. 1972, 1020-1021.

(17) Lyons, A. R.; Symons, M. C. R. J. Chem. Soc., Faraday Trans.
2 1972, 68, 15891594,

(18) Brown, D. R.; Symons, M. C. R. J. Chem. Soc., Dalton Trans.
1977, 1389-1391.

Symons and Sweany

Table I, yield 3d,: and 4s populations of ca. 63% and 6%,
respectively. The spin density on manganese is remarkedly
close to that for the d,: orbital of Mn(CO);, but the 4s
character is reduced. The estimated spin density on
chlorine was ca. 13%. As with Mny(CO),,™, there is ap-
parently less to gain for 4p, admixture in this case.
However, a search for 1°C hyperfine coupling for the axial
CO group was unsuccessful, so either delocalization onto
the ligand is small or possibly the ligand was lost on
electron addition. It is interesting to note that axial 13C
superhyperfine coupling was the only resolved 3C coupling
in the analogous Co(C0O),.%

Finally, we note that these data for Mn(CO); are in
agreement with those reported by Ozin.> Whatever the
difficulty in assigning the infrared spectra, the ESR gives
evidence of the existence of Mn(CO); in Ozins’ matrices.
The bands which Church et al.! assign to Mn(CO); do
appear in the spectra reported by Huber et al.> The bands
are not resolved from a band of Mn,(CO),,, however.
Thus, we presume, the whole complex of absorptions was
assigned to the dimer. Our conclusions are consistent with
those of Church et al.! The metal-hydrogen bond of
HMn(CO); does cleave upon photolysis, yielding Mn(CO)s.
The process is best observed in the infrared in CO matrices
because the competing process of CO loss is suppressed.
These complications do not arise when the process is
monitored by ESR and, even in argon, homolysis is ob-
served. The ESR shows that Mn(CO); also forms in
metal-CO cocondensation experiments. Evidence for this
occurrence is also provided by the infrared spectrum,? but
the wrong absorptions were assigned to Mn(CO);.

Experimental Section

ESR spectra were obtained by using the apparatus which has
been described earlier.!® An impurity in the quartz vacuum shroud
provided a sharp signal at g = 2.005 for the calibration of the
spectra. The matrices were formed either from 1:1000 mixtures
of HMn(CO); in the dilutent gas or by passing the matrix gas over
subliming HMn(CO); just prior to deposit. Samples were irra-
diated with a low-pressure mercury lamp. It was noted from
matrix infrared studies that mixtures of HMn(CO); in argon which
had been stored at room temperature formed some CO. It may
have been a product of surface-catalyzed decomposition or due
to small amounts of oxygen in the gas sample. Thus, the formation
of HCO which observed in photolyzed argon matrices of HMn-
(CO)s need not be the result of photogenerated CO reacting with
H..
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Photoexcitation at 355 nm of [Fe(CO),L] and [Ru3(CO)gL] (L = CO, PPhy, P(OMe)s, and P(O-o-tolyl)s)
can be used to generate catalysts for the isomerization of 1-pentene to cis- and trans-2-pentene. Each
complex gives a different initial ratio of trans- to cis-2-pentene ranging from approximately 6 for [Rug(CO),5]
and [Ru3(CO)o(P(OMe)s)5] to approximately 1 for [Fe(CO),P(O-o-tolyl);]. Comparisons of the initial ratios
of the isomeric products shows that steric effects, not electronic effects, of the P-donor ligands are responsible
for the variation in isomer ratio. The more sterically demanding complexes give the smallest ratio of trans-
to cis-2-pentene. Thus, sterically crowded complexes give enrichment of the less thermodynamically stable
alkene. Similarly, beginning with cis-2-pentene, [Fe(CO);(PPhy),] gives a much smaller ratio of trans-
2-pentene to 1-pentene at low conversion than does [Fe(CO);] under 355-nm irradiation. Initial quantum
yields for isomerization generally exceed unity, and the ultimate distribution of alkenes is the thermodynamic
ratio, evidencing the photochemical formation of a thermally active catalyst. For [Fe(CO),L] the only
detected primary photoprocess is dissociative loss of CO with a quantum yield of ~0.4, while for [Rus(CO)gL]
the primary photoprocess is proposed to be rupture of a metal-metal bond.

Introduction

In homogeneous catalysis it is well established that the
ligands in the coordination sphere of a metal-centered
catalyst during the actual catalytic reaction can influence
the rate and product distribution of the reaction.! This
effect of the ligands may be divided into steric and elec-
tronic effects. One class of ligands that has been studied
in this regard is the phosphorus ligands. These ligands
are ideal for two reasons: (1) they are capable of stabilizing
many complexes? (e.g., metal alkyls and metal hydrides)
that are important in homogeneous catalytic systems and
(2) a vast number of phosphorus ligands exhibiting a wide
range of steric and electronic properties are known.? The
steric and electronic properties of many phosphorus ligands
have been quantified and tabulated by Tolman.?* Exam-
ples of phosphorus ligands influencing the rate and/or
product distribution of a reaction by primarily steric? or
electronic®®® effects are known, but in other cases the
nature of the ligand effect is ambiguous.® Perhaps the

(1) For general references, see: (a) Cotton, F. A.; Wilkinson, G.
“Advanced Inorganic Chemistry”, 4th ed.; Wiley-Interscience: New York,
1980; pp 1265-1309. (b) Parshall, G. W. “Homogeneous Catalysis”; Wi-
ley-Interscience: New York, 1980. (c) Stone, F. G. A,; West, R., Eds.
“Advances in Organometallic Chemistry”; Academic Press: New York,
1979; Vol. 17. (d) Kochi, J. K. “Organometallic Mechanisms and
Catalysis”; Academic Press: New York, 1978. (e) Forster, D.; Roth, J.
F., Eds., “Homogeneous Catalysis”; American Chemical Society: Wash-
ington, D.C., 1974; Adv. Chem. Ser. No. 132.

(2) (a) Muetterties, E. L., Ed. “Transition Metal Hydrides”; Marcel
Dekker: New York, 1971. (b) Chatt, J. Adv. Organomet. Chem. 1974,
12, 1. (¢) Booth, C. Adv. Inorg. Chem. Radiochem. 1964, 6, 1. (d) Klein,
H.-F. Angew. Chem., Int. Ed. Chem. 1980, 19, 362. (e) Kaesz, H. D.;
Saillant, R. B. Chem. Rev. 1972, 72, 231.

(3) (a) Mason, R.; Meek, D. W. Angew. Chem., Int. Ed. Engl. 1978, 17,
183. (b) Tolman, C. A. Chem. Rev. 1977, 77, 313 and references therein.

(4) (a) Pruett, R. L.; Smith, J. A. J. Org. Chem. 1969, 34, 327. (b)
Baker, R.; Onions, A.; Popplestone, R. J.; Smith, T. N. J. Chem. Soc.,
Perkin Trans. 2 1975, 1133. (c) Binger, P.; McMeeking Angew. Chem.,
Int. Ed. Engl. 19783, 12, 995. (d) Tanaka, M.; Hayashi, T.; Ogata, L. Bull.
Chem. Soc. Jpn. 1971, 50, 2351. (e) Trost, B. M.; Strege, P. E. J. Am.
Chem. Soc. 1975, 97, 25634. (f) Musco, A.; Perego, C.; Tartiari, V. Inorg.
Chim. Acta 1978, 28, L.147. (g) Pittman, C. U,; Hirao, A. J. Org. Chem.
1978, 43, 640. (h) Vastag, S.; Heil, B.; Marko, L. J. Mol. Catal. 1979, 5,
189, (i) Bingham, D.; Webster, D. E.; Wells, P. B. J. Chem. Soc., Dalton
Trans. 1974, 1514, 1519. (j) Bingham, D.; Hudson, B.; Webster, D. E,;
Wells, P. B. Ibid. 1974, 1521.

(5) (a) Schrock, R. R.; Osborn, J. A. J. Chem. Soc., Chem. Commun.
1970, 567. (b) J. Am. Chem. Soc. 1976, 98, 2134, 2143,

two most significant contributions of phosphorus ligand
effects have been realized in the rhodium-catalyzed hy-
droformylation of olefins?®” and in the rhodium catalyzed
asymmetric synthesis of -DOPA.2 In both cases optimal
results are obtained primarily by altering the structural
properties of the phosphorus ligands bonded to the metal
center.

In the course of our work on the photocatalyzed 1-
pentene isomerization using mono- and trinuclear iron and
ruthenium complexes, we noted that the initial catalysis
product ratio is dependent on the catalyst precursor used.?
Further investigation showed that this ratio would vary
simply by varying the phosphorus ligand bonded to the
catalyst precursor. This afforded us an opportunity to
examine the effect of the phosphorus ligand on the course
of this reaction. No such investigation into the factors
affecting product distributions has been done with any
photocatalytic system. Herein, we report our results
concerning the photocatalyzed isomerization of 1-pentene
using the catalyst precursors, {Fe(CO),L] and [Ruz(CO)gLs]
(L = CO, PPh;, P(OMe);, and P(O-o-tolyl),).

Experimental Section

Materials. All solvents were reagent grade and distilled under
Ar from CaH, or sodium benzophenone ketyl. The 1-pentene
(99.9%) was obtained from Chemical Samples Co. and passed
through Al,Og prior to use. The n-hexane (994 %) and PPh, were
obtained from Aldrich Chemical Co. and purified by distillation
and recrystallization, respectively. The P(OMe); (distilled prior
to use) and P(O-o-tolyl); (used as received) were obtained from
Strem Chemical, Inc. The [Rus(CO),,] obtained from Strem

(8) (a) Strohmeier, W.; Weigelt, L. J. Organomet. Chem. 1977, 125,
C40. (b) Ibid. 1977, 133, C43. (c) Lieto, J.; Rafalko, J. J.; Gates, B. C.
J. Catal. 1980, 62, 149. (d) Baker, R.; Crimmin, M. J. J. Chem. Soc.,
Perkin Trans. 11979, 1264. (e) Vaglio, G. A,; Valle, M. Inorg. Chim. Acta
1978, 30, 161.

(7) Pruett, R. L. Adv. Organomet. Chem. 1979, 17, 7 and references
therein.

(8) (a) Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D.; Weinkauff,
D. J. J. Am. Chem. Soc. 1975, 97, 2567 and references therein. (b) Koenig,
K. E.; Sabacky, M. J.; Bachman, G. L.; Christopfel, W. C.; Barnstorff, H.
D.; Friedman, R. B.; Knowles, W. S,; Stults, B. R.; Vineyard, B. D.;
Weinkauff, D. J. Ann. N.Y. Acad. Sci. 1980, 333, 16 and references
therein.

(9) (a) Graff, J. L.; Sanner, R. D.; Wrighton, M. S. J. Am. Chem. Soc.
1979, 101, 273. (b) Sanner, R. D.; Austin, R. G.; Wrighton, M. S,; Hon-
nick, W. D.; Pittman, C. U. Inorg. Chem. 1979, 18, 928.
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Chemicals, Inc., was recrystallized, and the [Fe(CO);] obtained
from Pressure Chemicals was passed through Al,O; prior to use.
The [Rus(CO)Lg]*° and [Fe(CO),L]* complexes (L. = PPhs,,
P(OMe);, and P(O-o-tolyl);) were prepared according to known
literature methods and characterized by standard spectroscopic
techniques.

Instrumental. All vapor-phase chromatography (VPC) was
done with the use of a Varian Series 1440 or 2440 gas chroma-
tograph equipped with flame ionization detectors and a Varian
A-25 strip chart recorder or a Hewlett-Packard 33808 integrator.
Separation of linear pentenes was accomplished on a 80 ft X 1/,
in. column of 20% propylene carbonate on Chromosorb P at 25
°C. All infrared spectra were recorded with the use of matched
path length (0.1 or 1.0 mm) NaCl solution cells and a Perkin-Elmer
Model 180 grating infrared spectrometer. All electronic absorption
spectra were recorded with the use of a Cary 17. The irradiation
source for 355-nm light (width at half-height of ~15 nm) was two
15 W General Electric blacklight bulbs (~107 einstein/min).
Light intensity was determined by ferrioxalate actinometry.'?

Catalysis Procedure. Generally, a benzene solution 10° M
in catalyst precursor, 1.76 M in 1-pentene, and 0.1 M in n-hexane
was prepared. One-milliliter aliquots of this solution and 2 X 7
mm magnetic stir bars were placed into Pyrex test tubes (13 X
100 mm) with constrictions, degassed by five freeze-pump-thaw
cycles, and hermetically sealed. The stirred samples were irra-
diated with the 355-nm light source. The samples were air-cooled
to ensure they remained at room temperature. Thermal controls
(foil wrapped ampules containing the catalysis solutions) were
placed next to the samples being photolyzed. Light intensities
of 107¢ einstein/min were determined by ferrioxalate actinometry,?
and the solutions were analyzed by VPC following the reaction.
The same procedure was used for neat 1-pentene solutions that
were 2 X 10 M in iron catalyst precursor.

Photochemistry of Fe(CO),L (L = PPh; and P(O-o-
tolyl);). A benzene solution ~5 X 102 M in [Fe(CO),L] and 0.1
M in the appropriate phosphorus ligand, L’ (L’ = PPhy, P(OMe),,
and P(0-o0-tolyl);), was prepared. Three-milliliter aliquots of this
solution were placed into Pyrex test tubes (13 X 100 mm) with
constrictions, degassed by five freeze-pump-thaw cycles, and
sealed hermetically. Near-UV, 355-nm, irradiation of the solutions
yields initially [Fe(CO)y(L)(L")] by IR spectral measurements.®15
The appropriate thermal controls show no reaction on the same
time scale as the photoreactions. The 366-nm reaction quantum
yield for the reaction of [Fe(CO),PPhy] in the presence of 0.1 M
PPh; was determined by irradiation of the ampules in a merry-
go-round!® equipped with a 550-W Hanovia medium-pressure
mercury lamp filtered with Corning filters 0-52 and 7-37 to isolate
the 366-nm emission. The light intensity (~10~7 einstein/min)
was determined by ferrioxalate actinometry.'?

Photochemistry of [Ru;(CO),L;] (L = P(OMe); or P(O-
o-tolyl);). A benzene solution ~5 X 1073 M in [Ru,(CO)sLs] and
0.1 M in L was prepared. Three-milliliter aliquots of this solution
were placed into Pyrex text tubes (13 X 100 mm) with con-
strictions, degassed by five freeze-pump~thaw cycles, and sealed
hermetically. Near-UV, 355-nm, irradiation of the solutions
yielded [Ru(CO);L;] by IR spectral measurements.’

Results and Discussion

Previous studies of photocatalyzed reactions using iron
and ruthenium carbonyl catalyst precursors show that the
ratio of catalysis products depends on the catalyst pre-
cursor used and can give information concerning the actual

(10) (a) Bruce, M. L.; Shaw, G.; Stone, F. G. A. J. Chem. Soc., Daiton
Trans. 1972, 2094. (b) Bruce, M. L; Shaw, G.; Stone, F. G. A. Ibid. 1973,
1667.

(11) Condor, H. L.; Darensbourg, M. Y. J. Organomet. Chem. 1974,
63, 93 and references therein.

(12) Hatchard, C. G.; Parker, C. A. Proc. R. Soc. London, Ser. A 1956,
235, 518.

(13) Moses, F. G.; Liu, R. S. H.; Monroe, B. M. Mol. Photochem. 1969,
1, 245.

(14) Austin, R. G.; Paonessa, R. S.; Giordano, P. J.; Wrighton, M. S.
Adv. Chem. Ser. 1978, No. 168, 189.

(15) Crichton, A.; Rest, A. J. J. Chem. Soc., Dalton Trans. 1977, 536,
656.
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Table I. Steric and Electronic Parameters
of Phosphorus Ligands®

L, phosphorus

ligand 6,b deg »,¢em™!
P(OMe), 107 2079.5
P(O-0-tol), 141 2084.1
PPh, 145 2068.9

@ Values obtained from ref 3b. ® The steric parameter
(cone angle), as determined by Tolman,3P is the apex
angle of a cylindrical cone, centered 2.28 A from the cen-
ter of the P atom, which just touches the van der Waals
radii of the outermost atoms of the CPK molecular model
of the ligand. ¢ The electronic parameter, as determined
by Tolman,3? is the frequency of the A, carbonyl mode
of Ni(CO),L (L = phosphorus ligand) in CH,Cl,. This
band is measured with an accuracy of :0.3 em™!,

catalytically active species.>'* In particular, the initial ratio
of trans- to cis-2-pentene obtained in the photocatalyzed
1-pentene isomerization was about 60% lower when using
the [Fe(CO),PPh,] precursor as opposed to [Fe(CO);).%
Similar results were observed with [Ruy(CO)ss] and
[Rus(CO)o(PPhy);]. A key question is whether the effect
of the phosphorus ligand is due to the electronic or steric
properties of the ligand. A comparison of the photo-
catalytic activity of [Fe(CO),L] and [Ruz(CO),Ls] (L = CO,
PPh,, P(OMe);, and P(O-o-tolyl)s) can answer this. The
P(OMe); and P(O-o-tolyl), ligands are fairly similar elec-
tronically, both less basic than PPhg, whereas the PPhy
and P(O-o-tolyl); ligands are sterically similar, both having
larger cone angles than P(OMe),.%> This choice of com-
plexes should enable us to differentiate between the steric
and electronic effects of the phosphorus ligands on the
product distribution of the photocatalyzed 1-pentene
isomerization. The electronic and steric parameters of the
phosphorus ligands are shown in Table I. Unfortunately,
the electronic properties of P(0O-o-tolyl); and P(OMe), are
not identical. However, we note that it is the sterically
larger that is the best 7 acceptor and hence electronically
would be more like CO, the least sterically demanding
ligand. In the complexes studied the CO stretching ab-
sorptions are invariably slightly higher in energy for the
P(0-o0-tolyl)s than for the analogous P(OMe); complexes,
cf. Table II, establishing the P(O-o-tolyl); to be more
CO-like than P(OMe); with respect to electronic factors.
It is clear that P(O-o-tolyl); is significantly more struc-
turally demanding than P(OMe); or CO. Before the ca-
talysis results are discussed, the photochemistry of the iron
and ruthenium systems should be delineated.
Photochemistry of Fe(CO),L. Near-UV, 355-nm, ir-
radiation of [Fe(CO)PPh;] in the presence of 0.1 M PPh;,
yields [Fe(CO)3(PPhs);] (veo = 1885 cm™).° Infrared band
positions for all relevant complexes are given in Table II.
Photolysis of [Fe(CO),PPhy] in the presence of 0.1 M
P(OMe); produces [Fe(CO);(PPhg)(P(OMe)s)] (voo = 1898
cem™) and not [Fe(CO) P(OMe)s] (vco = 2063, 1992, 1963,
and 1951 cm™) or [Fe(CO);(P(OMe);z),] (vco = 1920 and
1912 cm™1).1% Thus, the primary photoreaction for [Fe-
(CO),PPhy] is loss of CO with a 366 nm quantum yield of
0.4 + 0.04 (eq 1). This parallels the photochemistry ob-

hv, 366 ni
[Fe(CO),PPhy] ——————> [Fe(CO);PPh] + CO ()

served for the [Ru(CO),PPh;] complex.®® Photolysis of
[Fe(CO),P(OMe);] in the presence of 0.1 M PPh; yields
[Fe(CO);(PPh;)(P(OMe),)], and near-UV, 355-nm, irra-
diation of [Fe(CO) P (0-o-tolyl);] (vco = 2065, 1995, 1965,
and 1959 cm™!) in the presence of 0.1 M PPh; yields ap-
parently [Fe(CO)3(PPhy)P(O-o0-tolyl)s] (veo = 1905 cm™).
No [Fe(CO),PPh;] was detected in either reaction. The
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Table II. Infrared Band Positions in CO Stretching Region for Relevant Complexes at 25 °C

complex solvent band positions, cm™!
Fe(CO), isooctane 2022, 2000
1-pentene 2023, 2000
Fe(CO),(PPh;) benzene 2049, 1973, 1939
isooctane 2054, 1978, 1942
Fe(CO) (P(OMe),) benzene 2060, 1986 (1951, 1944)¢
isooctane 2060, 1992 (1962, 1950)¢
Fe(CO),(P(O-0-tolyl),) benzene 2064, 1992 (1960, 1955)¢
isooctane 2065, 1995 (1965, 1959)¢
Fe(CO),(1-pentene) isooctane 2081, 1978 (other bands obscured by Fe(CO),)
1-pentene 2082, 1978 (other bands obscured by Fe(CO),)
Fe(CO),(cis-2-pentene) isooctane 2077, 1995, 1973
Fe(CO),(trans-2-pentene) isooctane 2079, 1997, 1975
Fe(CO),(PPh,), benzene 1885
isooctane 1893
Fe(CO);(P(OMe),), benzene (1920, 1912)¢
Fe(CO),(PPh,)(P(OMe),) benzene (1899, 1892)°
Fe(CO),(PPh,)(P(O-o-tolyl),) benzene (1907, 1903)¢
Fe(CO),(PPh,)(1-pentene) benzene 2011, 1944, 1916
Fe(CO),(P(OMe),)(1-pentene) isooctane 2025, ~1961, 1930
Fe(CO),(P(0O-0-tolyl),}(1-pentene) isooctane ~1968

Ru(CO),(PPh,)(1-pentene)?

Ru(CO),(P(OMe),), benzene
Ru(CO),(P(0O-o-tolyl),), benzene
Ru(CO),(PPh,), benzene
Ru,(CO),, isooctane
Ru,(CO),(PPh,), CH,Cl,
Ru,(CO),4(P(OMe),), CH,Cl,
Ru,(CO),(P(0-0-tolyl);), CH,Cl,

1-pentene/benzene

2033, 1976, ~1950%

(1924, 1915)°

(1926, 1917)¢

1895

2061, 2031, 2012

2046, 2022, 1982, 1975, 1950 sh
2057, 1992, 1982, 1958

2060, 2006, 1992, 1975

@ Broad feature, slightly split with approximate maxima given, ? Generated by purging out CO with N, while irradiating
Ru(CO),PPh, in 7.8 M 1-pentene in benzene. The lowest absorptions are obscured by the absorption of Ru(CO),PPh, at

1952 em™.

Scheme I. d Orbital Diagram for Fe(CO),L Complexes

Q, d,a(cr*)

£le —'—-t-— —H— day, dxz_yz
e _H_ —H— dyz dy

quantum yields for CO dissociation from [Fe(CO),P-
(OMe);] and [Fe(CO),P(0-o0-tolyl);] have not been de-
termined quantitatively but are similar to that found for
[Fe(CO),PPh;]. The products trans-[Fe(CO);LL’] formed
from irradiation of [Fe(CO),L} in the presence of L’ appear
to be initially formed quantitatively, based on disap-
pearance of starting material. The broad prominent in-
frared absorption in the CO stretching region is consistent
with the trans arrangement of L and L’ No other
metal-containing products are detectable by infrared and,
in particular, we note that there is no loss of L from [Fe-
(CO),L] to form [Fe(CO),L’] in the presence of L/ for the
systems studied. All data are for conversion of <20%.

The observed photochemistry of the [Fe(CO),L] com-
plexes logically results from ligand field excited states
involving the population of the o-antibonding d,: orbital,'
since the Fe(O) complexes have the d orbital diagram
represented by Scheme I.  All of the [Fe(CO),L] complexes
have the same geometrical structure and belong to the Cs,
point group, and the donor atoms are all the same. The
[Fe(CO)L] complexes only show tail absorption in the
near-UV, and no well-defined band can therefore be at-
tributed to the e — a,; transitions. However, the dissoci-
ative loss of CO is an unambiguous result empirically, and
an expected finding. The surprising finding perhaps is that
the quantum yield for loss of L, particularly L. = phosphite,
is insignificant. Since the phosphite ligands are on the 2z

(16) Dartiguenave, M.; Dartiguenave, Y.; Gray, H. B. Bull. Chim. Soc.
Fr. 1969, 12, 4223.

axis and have CO-like properties and the d,: orbital is
principally ¢ antibonding along the z axis, the lack of
P-donor loss is surprising. However, the photoinert Fe-P
bond is what allows an investigation of the P-donor
structural effects, since the P donor must, presumably,
remain in the coordination sphere to exert effects on the
distribution of catalytic products. Note that the photo-
chemistry only establishes that the excited state does not
detectably lose the P-donor ligand. That the P donor
remains bound during the (thermal) catalytic chemistry
that occurs after CO loss is demonstrated by the different
ratio of initial catalytic products as L is varied (vide infra).

Finally, concerning the photochemistry of [Fe(CO),L]
it is noteworthy that 355-nm irradiation in the presence
of 1-pentene yields infrared detectable but very thermally
{25 °C) substitution labile, 1-pentene complexes (eq 2).
[Fe(CO),L] [Fe(CO);L(1-pentene)] + CO (2)

v

h
1-pentene

Infrared data in the CO stretching region are included in
Table II. The noteworthy finding is that for L = PPh; and
P(OMe); there are three infrared bands consistent with
a cis disposition of the alkene and the P donor. However,
for L = P(0-o0-tolyl); there is only one band, consistent
with a trans arrangement of the P donor and the alkene.
This result alone clearly establishes a basis for the assertion
that the nature of the P donor can significantly alter the
catalytic chemistry in these photochemical systems. But
notice here that PPhy, having a slightly larger cone angle
that the P(O-o-tolyl)s, gives a cis complex whereas the
P(0-o-tolyl); gives trans. There is clearly a role for both
electronic and geometric structure effects from L on the
nature of the alkene complexes, as is almost always the case
in attempts to separate electronic and steric effects on
chemical reactivity.

Photochemistry of Rug(CO)¢L;. Photolysis of [Rug-
(CO);2] in the presence of CO or 1l-pentene results in
fragmentation of the cluster with a quantum yield of ~
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102, as shown in eq 3.147 The irradiation of [Rus

i 3[Ru(CO)L] (3

[Rug(CO)y4] "L = CO, alkene

(CO)s(PPhy);] in the presence of CO or PPh; yields [Ru-
(CO),PPh,] or [Ru(CO);(PPhy),], respectively, also with
low quantum efficiency.® In both cases optical excitation
results in the population of an orbital which is strongly ¢
antibonding with respect to the Ru-Ru bonds.’® The
reactions are though to proceed via photoinduced metal-
metal bond homolysis, generating a tethered diradical
species which subsequently thermally fragments into
mononuclear species.*'4!" Consistently, optical excitation
of [Rug(CO)o(P(OMey)4] in the presence of 0.1 M P(OMe);
yields [Ru(CO)4(P(OMe),);] (voo = 1924 and 1915 cm™),
and irradiation of [Ru3(CO)g(P(0-0-tolyl)s);] in the pres-
ence of 0.1 M P(0-o-tolyl), yields [Ru(CO)3(P(O-o-tolyl),),]
(vco = 1926 and 1917 cm™). The [Ru(CO);L,] products
have infrared spectra consistent with a trans arrangement
of the two L’s and are clearly derivatives of the known
PPh, species.® The yield of [Ru(CO);L,] from irradiation
of [Rug(CO)Ls] in the presence of L is initially quanti-
tative based on infrared spectral measurements. Although
the quantum yields of these latter two reactions have not
been determined, both reactions are qualitatively quantum
inefficient. The photofragmentation of these clusters is
expected to occur by the same mechanism proposed for
[Ruz(CO),,) and [Ru(CO)e(PPhy);].

The irradiation of the [Rug(CO),L3] complexes can be
carried out by using visible light, since these complexes
have an intense (e ~ 10000 M cm™) absorption band at
about 500 nm. The first band position varies with L in
the following manner: L = CO, A,, = 396 nm; L. = P-
(OMe)g, Apax = 431 nm; L = P(O-0-tolyl)s, Apey = 444 nm;
and L = PPh;, Ap,; = 506 nm. Near-UV and visible ex-
citation give nearly the same quantum yields. Interest-
ingly, visible light (514.5 nm from an Ar ion laser) pho-
toexcitation of the [Rug(CO)gl3] complexes in the presence
of 1.76 M 1-pentene does not lead to rapid loss of the Ru
complexes except for L = CO. The quantum yield for
disappearance of [Ru3(CO)oL;) where L = PPh, is <107,
and there are no alkene products detected by infrared. It
appears that mononuclear [Ru(CO),PPh;] and [Ru-
(CO)4(PPh,),] are formed slowly. Similarly, irradiation of
[Ru(CO),PPh,] that is known to yield dissociative loss of
CO? does not lead to the build-up of the expected [Ru-
(CO)4(PPh)(1-pentene)] when the irradiation is carried
out in the presence of high concentrations of 1-pentene in
sealed reaction vessels. Under the same conditions [Fe-
(CO)3(PPhg)(1-pentene)] can be formed, vide supra, from
irradiation of [Fe(CO),PPh;]. These data, taken together,
imply that the alkene complexes of Ru are much more
labile than the analogous complexes for Fe which them-
selves are thermally labile at 25 °C. Consistent with this
conclusion, irradiation of [Ru(CO),PPh;] in 7.8 M 1-
pentene in benzene while purging with N, to remove
photoejected CO yields infrared spectral changes consistent
with formation of [Ru(CO);(PPhg)(alkene)]; two new bands
in the CO stretching region were observed at 2033 and 1976
cm™!, These two bands disappear rapidly upon exposing
the solution to CO and starting material is regenerated.

(17) (a) Johnson, B. F. G.; Lewis, J.; Twigg, M. V. J. Organomet.
Chem. 1974, 67, C70. (b) Johnson, B. F. G.; Lewis, J.; Twigg, M. V. J.
Chem. Soc., Dalton Trans. 1976, 1876. (c) Grevels, F.-W.; Reuvers, J. G.
A.; Takats, J. J. Am. Chem. Soc. 1981, 103, 4069.

(18) (a) Tyler, D. R.; Levenson, R. A.; Gray, H. B. J. Am. Chem. Soc.
1978, 100, 7888. (b) Delley, B.; Manning, M. C.; Ellis, D. E.; Berkowitz,
J.; Trogler, W. C., private communication.
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Table ITII. Comparison of Photocatalyzed 1-Pentene
Isomerization Using Various Iron and
Ruthenium Catalyst Precursors

%
catalyst precursor conversn® ®° t/ed
A. Mononuclear Iron Species®
Fe(CO), 6.2 117 2.92
11.9 112 2.93
Fe(CO),P(OMe), 3.6 79 1.46
9.8 107 1.44
Fe(CO),P(0O-0-tolyl), 4.4 73 1.00
11.6 76 1.15
Fe(CO),PPh, 7.8 71 1.11
12. 58 1.20
B. Trinuclear Ruthenium Species®

Ru,(CO),, 7.7 5.5 5.7

13.8 5.0 6.2

Ru,(CO),(P(OMe),), 6.5 1.6 5.7

18.9 3.2 6.1

Ru,(CO),(P(O-o-tolyl);), 8.3 0.4 3.3

16.7 0.6 3.4

Ru,(CO),(PPh,), 5.3 0.6 4.3

10. 0.9 3.4

¢ The catalysis solutions are neat 1-pentene containing
2 X 10°* M iron carbonyl catalyst precursor. ° % of
1-pentene isomerized to trans- and cis--2-pentenes. € ® is
the number of 1-pentene molecules isomerized per photon
incident on the sample. Values are +20%. ¢ Ratio of
trans-2-pentene to cis-2-pentene products. Values are
+5%. ¢ The catalysis solutions are benzene solutions
1.76 M in 1-pentene and 1073 M in ruthenium carbony!
catalyst precursor.

Effect of Variation in L on Photocatalyzed Isom-
erization of 1-Pentene. All the [Fe(CO),L] and [Rus-
(CO)gLs] (L = CO, PPh;, P(OMe);, and P(O-o-tolyl)s)
catalyst precursors effectively catalyze the isomerization
of 1-pentene to trans- and cis-2-pentene upon near-UV,
355-nm, irradiation at 25 °C. The particulars of the 1-
pentene isomerization are given in Table III. No isom-
erization occurs thermally at 25 °C on the same time scale
as the photoreactions. All the catalyst precursors are ca-
pable of moving high concentrations of 1-pentene toward
the thermodynamic ratio of linear pentenes,'® demon-
strating large turnover numbers (number of 1-pentene
molecules consumed per metal atom initially present)
which are at least 10%. Further, observed initial quantum
yields, ® (number of 1-pentene molecules isomerized per
incident photon), are high and often exceed unity, evi-
dencing the photogeneration of a very active catalyst at
room temperature.

The most important result is that the initial ratio of
trans- to cis-2-pentene depends on the catalyst precursor
used. There is a significant variation as the phosphorus
ligand bonded to the iron carbony! catalyst precursor is
varied. The [Fe(CO),L] catalyst precursors bearing ste-
rically similar phosphorus ligands (PPhg and P(O-o-tolyl);)
give similar initial ratios of trans- to cis-2-pentene, whereas
those bearing electronically similar phosphorus ligands
(P(OMe); and P(O-o0-tolyl);) do not yield similar ratios of
2-pentenes. The steric bulk of the phosphorus ligand
affects the distribution of catalysis products; the bulkier
the ligand the more cis-2-pentene formed relative to
trans-2-pentene. Note that the ratio of trans- to cis-2-
pentene obtained with {Fe(CO);] is greater than those
obtained with the phosphorus ligand substituted iron
catalyst precursors. This is consistent with the steric bulk
of the ligands affecting the catalysis product distributions,

(19) Bond, G. C.; Hellier, M. J. Catal. 1965, 4, 1.
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Table IV. Comparison of Photocatalyzed 1-Pentene and cis-2-Pentene Isomerization Using Fe(CO), and Fe(CO),(PPh,),°

extent (t/c)? or
starting isomer photocatalyst conversn, % @ (t/1-pent)¢
1-pentene, neat Fe(CO), 6.2 117 2.92
11.9 112 2.92
1-pentene, 5.0 M Fe(CO),(PPh,), 8.6 11.8 0.56
11.2 7.7 0.57
18.4 7.7 0.58
43.2 2.7 0.65
cis-2-pentene, 0.0 M Fe(CO), 4.9 71 13
15.3 110 13
25.9 75 14
51.9 25 18
cis-2-pentene, 2.8 M Fe(CO),(PPh,), 2.8 1.3 3.7
5.1 1.2 3.6
10.5 1.2 3.2
27.3 0.8 4.1
38.4 0.6 5.9
46.7 0. 8.4

4 All data from 2 X 10°% M photocatalyst in hermetically sealed, degassed ampules. Irradiation source is 355 nm, ~2

X 10°¢ einstein/min.
with cis-2-pentene.

since CO, having an estimated cone angle of 95°,% is less
bulky than the phosphorus ligands studied here. Similar
results are observed with the [Rus(CO)gL] catalyst pre-
cursors. Product distributions in thermal olefin isomeri-
zation reactions are sensitive to the steric interactions of
the coordinated organic ligand with the other ligands
present in the coordination sphere.'>% Bulky ligands favor
the formation of the cis-olefin over the trans-olefin.
Likewise, in these photocatalyzed 1-pentene isomerizations
the bulky ligands favor the formation of cis-2-pentene
relative to trans-2-pentene. This is reasonable since a
cis-2-pentene ligand would be less sterically demanding
than a trans-2-pentene ligand bonded to a metal, com-
plexes A and B. Increasing the bulk of the other ligands

/"
jlj |
M M

A B
in the coordination sphere could change the relative sta-
bility of A and B leading to thermodynamic effects that
could result in a kinetic preference for formation of cis-
alkenes. We conclude that the effect of the phosphorus
ligand on the initial product distribution in these photo-
catalyzed reactions is primarily steric. The electronic
properties may also be contributory, but the data suggest
that electronic effects on the initial ratio of 2-pentenes are
minor compared to the steric effects of the phosphorus
ligands.

The consequences from electronic structure on geome-
trical structure is evident from the infrared spectra of the
[Fe(CO)sL(1-pentene)] complexes, vide supra and Table
II. It is apparent from the data in Table III that L. =
P(O-o-tolyl); or PPh; do not give very different initial
product ratios, despite the different structure for the 1-
pentene complexes [Fe(CO);L(1-pentene)]. However, it
must be realized that [Fe(CO);L(1-pentene)] itself must
be at least one step away from the active alkene isomer-
ization catalyst. We believe that loss of a second CO (eq
4) must occur in order to actually effect catalysis. The

[Fe(CO),L(1-pentene)] ===
[Fe(CO),L(1-pentene)] + CO (4)

resulting 16-valence electron species can reversibly form
either a syn- or anti-x-allyl hydride as a precursor to the

Ratio of trans- to cis-2-pentene starting with 1-pentene. € Ratio of trans- to 1-pentene starting

cis- and trans-2-pentene complexes, respectively (eq 5).
—\;//

HF e{CO);L. == Fe({CO)pL(c/is-2-pentene)

7
Fe{CO)zL{1-pentene)
NLT

HFe(COl2L == Fe(CO)zL{trans-2-pentene)

The point is that some species beyond the 18-valence
electron [Fe(CO);L(1-pentene)] is where the ratio of initial
products is determined. Thus, the different structures of
[Fe(CO);L(1-pentene)] establish that the different P do-
nors can give different geometries for the products, but
the structure of these do not reveal the structure of the
actual species that controls the initial distribution of olefin
products.

In the catalysis experiments described so far, we began
with 1-pentene and formed trans- and cis-2-pentene in a
fashion such that the initial distribution of the two isomers
was enriched in the thermodynamically less stable isomer,
cis-2-pentene, compared to what the ratio would be at
thermodynamic equilibrium. Ultimately, for all of the
catalyst precursors the distribution of 1-pentene and trans-
and cis-2-pentene does come to the thermodynamic
equilibrium. But the kinetically controlled initial distri-
bution of products can differ considerably from that at
thermodynamic equilibrium. Indeed, irradiation of the
complex [Fe(CO)5(PPh,),] vields photocatalyzed 1-pentene
isomerization giving an initial trans- to cis-2-pentene ratio
of about 0.6, even lower than for [Fe(CO),PPh;]. Thus,
the greater steric bulk of the two PPh, ligands, compared
to the single PPh,, gives a larger kinetic preference for the
less thermodynamically stable 2-pentene isomer. As il-
lustrated by the data in Table IV, photocatalyzed isom-
erization of 1-pentene yields significant enrichment in the
cis-2-pentene isomer, and quite interestingly the data show
that in absolute terms at the greatest extent conversion
there is more cis-2-pentene than would be present at the
thermodynamic equilibrium of the linear pentenes which
is ~3% 1l-pentene, ~21% cis-2-pentene, and ~76%
trans-2-pentene. Starting with pure cis-2-pentene further
illustrates that the sterically demanding system, [Fe-
(CO),(PPhy),], yields the greater enrichment of the ther-
modynamically least stable product (Table IV). In fact,
at 38.4% conversion the amount of 1-pentene present is

(5)
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5.7% of all the linear pentene in the solution or roughly
twice the amount present at the thermodynamic equilib-
rium. This clearly illustrates that the kinetically controlled
product distribution from the photogenerated catalyst is
enriched in the least stable isomer, but, as indicated above,
the linear pentenes are ultimately equilibrated to the ratio
that would be obtained from any other catalyst.
Quantum yields for isomerization generally exceed unity,
indicating that a thermal catalyst is in fact generated.
Moreover, the turnover rate of the catalyst must exceed
the photoexcitation rate, ~1.6 X 1078 einstein/min, oth-
erwise the initial quantum yields would be less than one.
But generally, we have used continuous irradiation to effect
photocatalysis, since back reaction of coordinatively un-
saturated species with photoejected CO precludes sus-
tained catalysis at 25 °C after irradiation is terminated.
The use of continuous irradiation raises the possibility that
one could, in fact, drive the linear pentenes to a photo-
stationary state that is enriched in 1-pentene, the least
thermodynamically stable isomer. Empirically, this is not
found; the ultimate distribution of the linear pentenes is
just that found from conventional thermal catalysis.
To summarize our main finding then, we conclude that
steric effects of ligands L in [Fe(CO),L] or [Ruz(CO)Ls;]
promote the formation of the least thermodynamically
stable pentene at initial stages of the photocatalyzed
isomerization of pentene. Examples of other catalytic
reactions in which the steric bulk of the phosphorus ligands
affects the product distribution are the rhodium catalyzed
hydroformylation reactions*%#’ and some nickel-catalyzed
olefin reaction.**¢ In the former system, Pruett and
Smith*® showed that both the steric and electronic effects
are important since increased electron donation from the
ligand decreases the percentage of the normal isomer ob-
tained but increased ligand bulk decreases the percentage
of the normal isomer even more. In the nickel-catalyzed
reaction of butadiene with morpholine Baker and co-

workers®® showed that the percentage of products resulting
from butadiene dimerization could be greatly enhanced
by using bulky phosphorus ligands. The electronic effects
of the phosphorus ligands on the product distribution were
believed to be negligible in comparison. In both of these
systems by knowing the nature of the effect of the phos-
phorus ligands on the product distribution, the reactions
can be “tuned” to give the desired results simply by
changing the phosphorus ligand. The results of our pho-
tocatalyzed 1-pentene isomerization reactions clearly
demonstrate that the product distribution of photo-
catalyzed reactions can also be “tuned” in a similar manner,
in this case by changing the steric bulk of the bonded
phosphorus ligand. Inasmuch as the alkene isomerization
that we have studied depends on the excitation rate (light
intensity) it is clear that the activation energy for the
catalysis is low. Future studies in this laboratory will
include the use of photoexcitation to promote reaction
where the temperature is sufficiently low to attempt to
reach a situation where some step in the actual catalytic
reaction is rate limiting.
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Syntheses of a series of bis(alkyne)bis(dithiocarbamato)molybdenum(II) complexes with terminal, alkyl-
and aryl-substituted alkynes are reported. Mixed bis(alkyne) complexes of the type Mo(R!C=
CR?)(R*C=CR%(8S,CNR,), have been prepared with R! = R? = Ph, R® = Ph, and R* = H, R! = R? = Ph,
and R? = Rt = CO,Me, and R! = R? = Et, R® = Ph, and R* = H. Infrared spectroscopy has been used
to probe the stretching frequency of the bound alkyne carbon-carbon multiple bond. The observed 'H
and 13C chemical shift values of the acetylenic protons and carbons are compatible with previous empirical
correlations relating alkyne donation from both filled = orbitals to these NMR observables. Dynamic NMR
studies suggest that rotation of the bound alkyne ligands is common for these complexes with a barrier
to rotation of 15.3 kcal mol™! calculated for Mo(EtC=CEt),(S,CNMe,),. Molecular orbital calculations
based on the extended Hiickel method provide insight into the destabilization of the vacant d= LUMO
of these complexes which results from alkyne =, donation and rationalizes the relative inertness of these

formal 16-electron molybdenum(II) compounds.

Introduction
Studies of early transition metal alkyne complexes
during the past few years have contributed to an emerging
appreciation of the unique ability of alkyne ligands to
utilize orthogonal metal d= orbitals in order to serve si-
multaneously as both good single-faced = acceptors and

good single-faced 7 donors.! The ligand-to-metal 7-donor
potential of the filled alkyne =, bonding component allows
variable electron donor interactions which can formally
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5.7% of all the linear pentene in the solution or roughly
twice the amount present at the thermodynamic equilib-
rium. This clearly illustrates that the kinetically controlled
product distribution from the photogenerated catalyst is
enriched in the least stable isomer, but, as indicated above,
the linear pentenes are ultimately equilibrated to the ratio
that would be obtained from any other catalyst.
Quantum yields for isomerization generally exceed unity,
indicating that a thermal catalyst is in fact generated.
Moreover, the turnover rate of the catalyst must exceed
the photoexcitation rate, ~1.6 X 1078 einstein/min, oth-
erwise the initial quantum yields would be less than one.
But generally, we have used continuous irradiation to effect
photocatalysis, since back reaction of coordinatively un-
saturated species with photoejected CO precludes sus-
tained catalysis at 25 °C after irradiation is terminated.
The use of continuous irradiation raises the possibility that
one could, in fact, drive the linear pentenes to a photo-
stationary state that is enriched in 1-pentene, the least
thermodynamically stable isomer. Empirically, this is not
found; the ultimate distribution of the linear pentenes is
just that found from conventional thermal catalysis.
To summarize our main finding then, we conclude that
steric effects of ligands L in [Fe(CO),L] or [Ruz(CO)Ls;]
promote the formation of the least thermodynamically
stable pentene at initial stages of the photocatalyzed
isomerization of pentene. Examples of other catalytic
reactions in which the steric bulk of the phosphorus ligands
affects the product distribution are the rhodium catalyzed
hydroformylation reactions*%#’ and some nickel-catalyzed
olefin reaction.**¢ In the former system, Pruett and
Smith*® showed that both the steric and electronic effects
are important since increased electron donation from the
ligand decreases the percentage of the normal isomer ob-
tained but increased ligand bulk decreases the percentage
of the normal isomer even more. In the nickel-catalyzed
reaction of butadiene with morpholine Baker and co-

workers®® showed that the percentage of products resulting
from butadiene dimerization could be greatly enhanced
by using bulky phosphorus ligands. The electronic effects
of the phosphorus ligands on the product distribution were
believed to be negligible in comparison. In both of these
systems by knowing the nature of the effect of the phos-
phorus ligands on the product distribution, the reactions
can be “tuned” to give the desired results simply by
changing the phosphorus ligand. The results of our pho-
tocatalyzed 1-pentene isomerization reactions clearly
demonstrate that the product distribution of photo-
catalyzed reactions can also be “tuned” in a similar manner,
in this case by changing the steric bulk of the bonded
phosphorus ligand. Inasmuch as the alkene isomerization
that we have studied depends on the excitation rate (light
intensity) it is clear that the activation energy for the
catalysis is low. Future studies in this laboratory will
include the use of photoexcitation to promote reaction
where the temperature is sufficiently low to attempt to
reach a situation where some step in the actual catalytic
reaction is rate limiting.
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Syntheses of a series of bis(alkyne)bis(dithiocarbamato)molybdenum(II) complexes with terminal, alkyl-
and aryl-substituted alkynes are reported. Mixed bis(alkyne) complexes of the type Mo(R!C=
CR?)(R*C=CR%(8S,CNR,), have been prepared with R! = R? = Ph, R® = Ph, and R* = H, R! = R? = Ph,
and R? = Rt = CO,Me, and R! = R? = Et, R® = Ph, and R* = H. Infrared spectroscopy has been used
to probe the stretching frequency of the bound alkyne carbon-carbon multiple bond. The observed 'H
and 13C chemical shift values of the acetylenic protons and carbons are compatible with previous empirical
correlations relating alkyne donation from both filled = orbitals to these NMR observables. Dynamic NMR
studies suggest that rotation of the bound alkyne ligands is common for these complexes with a barrier
to rotation of 15.3 kcal mol™! calculated for Mo(EtC=CEt),(S,CNMe,),. Molecular orbital calculations
based on the extended Hiickel method provide insight into the destabilization of the vacant d= LUMO
of these complexes which results from alkyne =, donation and rationalizes the relative inertness of these

formal 16-electron molybdenum(II) compounds.

Introduction
Studies of early transition metal alkyne complexes
during the past few years have contributed to an emerging
appreciation of the unique ability of alkyne ligands to
utilize orthogonal metal d= orbitals in order to serve si-
multaneously as both good single-faced = acceptors and

good single-faced 7 donors.! The ligand-to-metal 7-donor
potential of the filled alkyne =, bonding component allows
variable electron donor interactions which can formally
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range from two to four electrons in response to the metal
electron configuration and the bonding properties of the
ancillary ligands in the coordination sphere.?

A number of six-coordinate d* monoalkyne carbonyl
derivatives have been reported for both groups 5 and 6:
(7-CsH;)M(CO)o(PhC=CPh) (M = V, Nb, Ta);® (=-
Cs;H;)W(CO)Me(RC=CR),* (x-C;H ) M(CO)X(PhC=
CPh);? (wr-CsHm) M(CO)(SR')(CF;C=CCF;) (M = Mo, W) 8
The alkyne carbonyl bis(dithiocarbamate) complexes of
molybdenum?’ and tungsten® have been extensively studied
by McDonald and co-workers at Kettering Laboratory.
Oxo analogues of these alkyne carbonyl bis(dithio-
carbamate) complexes, M(0)(RC=CR)(S,CNR!,),, have
been reported for both M = Mo® and W.1® These com-
pounds are formally electron deficient if one considers the
alkyne ligand a two-electron donor in analogy to the usual
Dewar—Chatt-Duncanson metal-olefin bonding descrip-
tion;!! note that no olefin analogues of these compounds
have been prepared. The lack of electrophilic reactivity
associated with these complexes has been attributed to the
role of alkyne =, donation to the metal in destabilizing
the lowest unoccupied orbital (LUMO) which effectively
reduces the electrophilic character of the unsaturated
metal center.!

Less common are monomeric d¢ complexes containing
two uncoupled alkynes in the coordination sphere. Re-
action of a complexed alkyne with additional alkyne often
involves insertion or coupling to form organic products
ranging from polyacetylenes or oligomers!? to alkyne tet-
ramers,!? cyclotrimerized arenes,'* metallocyclo-
pentadienes,'® or r-bound cyclobutadienes.'® Previously
reported early transition metal bis(alkyne) complexes in-
clude (7-CsH;)M(CO)(PhC=CPh), (M = V, Nb, Ta)!” and

(2) Templeton, J. L.; Ward, B. C. J. Am. Chem. Soc. 1980, 102, 3288.

(3) (a) Nesmeyanov, A. N.; Anisimov, K. N.; Kolobova, N. E.; Pasyn-
skii, A. A. Dokl. Akad. Nauk SSSR 1968, 182, 112. (b) Nesmeyanov, A.
N.; Anisimov, K. N.; Kolobava, N. E.; Pasynskii, A. A. Izv. Akad. Nauk
SSSR, Ser. Khim. 1969, 100. (c) For a review of this chemistry see:
Gusev, A. L; Struchkov, Yu. T. J. Struct. Chem. 1980, 11, 340.

(4) Alt, H. G. J. Organomet. Chem. 1977, 127, 349.

(5) Davidson, J. L.; Sharp, D. W. A. J. Chem. Soc., Dalton Trans.
1975, 2531.

(6) Braterman, P. S.; Davidson, J. L.; Sharp, D. W. A. J. Chem. Soc.,
Dalton Trans. 1976, 241.

(7) McDonald, J. W.; Newton, W. E.; Creedy, C. T. C.; Corbin, J. L.
J. Organomet. Chem. 1975, 92, C25.

(8) Ricard, L.; Weiss, R.; Newton, W. E,; Chen, G. J.-J.; McDonald,
J. W. J. Am. Chem. Soc. 1978, 100, 1318.

(9) (a) Newton, W. E.; McDonald, J. W.; Corbin, J. L.; Richard, L.;
Weiss, R. Inorg. Chem. 1980, 19, 1997. (b) Maatta, E. A.; Wentworth, R.
A. D. Ibid. 1979, 18, 524. (c) Maatta, E. A.; Wentworth, R. A. D.; Newton,
W. E;; McDonald, J. W.; Watt, G. D. J. Am. Chem. Soc. 1978, 100, 1320.

(10) Templeton, J. L.; Ward, B. C.; Chen, G. J.-J.; McDonald, J. W.;
Newton, W. E. Inorg. Chem. 1981, 20, 1248,

(11) (a) Dewar, M. J. 8. Bull. Soc. Chim. Fr. 1951, 18, C71. (b) Chatt,
J.; Duncanson, L. A. J. Chem. Soc. 1953, 2939. (c) Albright, T. A,;
Hoffmann, R.; Thibeault, J. C.; Thor, D. L. J. Am. Chem. Soc. 1979, 101,
3801.

(12) (a) Penkovskii, Russ. Chem. Rev. (Engl. Transl.) 1964, 33, 532.
(b) Woon, P. 8.; Farona, M. F. J. Polym. Sci., Polym. Chem. Ed. 1974,
12,1749, (c) Masuda, T.; Sasaki, N.; Higashimura, T. Macromolecules
1975, 8, 717.

(13) (a) Green, M.; Norman, N, C.; Orpen, A. G. J. Am. Chem. Soc.
1981, 103, 1267. (b) Knox, S. A. R,; Stansfield, R. F. D.; Stone, F. G. A;
Winter, M. J.; Woodward, P. J. Chem. Soc., Chem. Commun. 1978, 221.
(¢) Vollhardt, K. P. C.; Colborn, R. E. J. Am. Chem. Soc. 1981, 103, 6259.

(14) Bird, C. W. “Transition Metal Intermediates in Organic
Synthesis”; Academic Press: New York, 1967; p 1.

(15) (a) Nicholas, K. M.; Nestle, M. O.; Seyferth, D. “Transition Metal
Organometallics”; Academic Press: New York, 1978; Vol. 2, p 1. (b)
Collman, J. P.; Hegedus, L. S. “Principles and Applications of Organo-
transition Metal Chemistry”; University Science Books: Mill Valley, CA,
1980; p 525.

(16) Efraty, A. Chem. Rev. 1977, 77, 691.
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(7-CsH)M(RC=CR),X (M = Mo, X = C|, R = CH,0H;8
M=Mo,W,X=CLBr,LR=CF;"M=Mo, W, X =
CO*, R = CHy®). The synthesis and characterization of
Mo(RC=CR),(S,CNR?), compounds are addressed in this
work.

The rationale for expanding the chemistry of bis(alk-
yne)bis(dithiocarbamato)molybdenum complexes as first
reported by McDonald and co-workers for selected aryl and
electron-withdrawing acetylene substituents’ encompassed
the following features: (1) improve and generalize prep-
arative routes for this class of compounds; (2) synthesize
mixed bis(alkyne) complexes of the type Mo(RC=
CR)(R!C=CR!)(dtc), (dtc = S,CNR,) as a basis for future
synthetic manipulations; (3) examine vibrational and nu-
clear magnetic resonance properties of these complexes in
light of previously reported data for MY(RC=CR)(dtc),
(M = Mo, W) with Y = CO and O; (4) explore the dynamic
solution behavior of cis-bis(alkyne) octahedral complexes;
(5) extend the chemistry of isolable 16-electron Mo(II)
monomers; (6) generate a qualitative molecular orbital
basis for understanding the chemical reactivity of this
series of complexes.

Experimental Section

Materials and Methods. All manipulations were performed
under a dry oxygen-free nitrogen atmosphere using standard
Schlenk techniques. Solvents were dried over molecular sieves
and degassed prior to use. Molybdenum hexacarbonyl, calcium
carbide, sodium dialkyldithiocarbamates, chlorine gas, and alkynes
other than the parent acetylene were obtained from commercial
sources and used without further purification. Acetylene gas was
either generated from calcium carbide and water or obtained from
a commercial acetylene cylinder. Acetone, used as a stabilizing
agent for liquid acetylene, was removed by use of a dry ice-2-
propanol trap. Mo(CO),Cl,,2! Mo(S;CNR,),(C0),2 (1), and
Mo(S,CNRy),(HC,RY)(CO)’ were prepared as described previously.
Infrared spectra were recorded on a Beckman IR 4250 and cal-
ibrated with a polystyrene standard. 'H NMR (100 MHz) were
recorded on a Varian XL-100 spectrometer. 3C NMR (62.89
MHz) were recorded on a WM Bruker 250 spectrometer.
Chemical shifts are reported as parts per million downfield of
Me,Si. NMR sample temperatures were measured with a low-
temperature thermometer located directly in the probe or by a
thermocouple located near the probe. Elemental analyses were
performed by Galbraith Laboratories of Knoxville, TN.

Syntheses. Mo(RIC=CR?),(S,CNR;), (R = Me (a), Et (b);
R! = R? = Ph (2); R! = H, R? = Ph (3); R! = Me, R = Ph (4)).
The following preparative procedure is general for the synthesis
of the alkyne complexes listed above. A solution of Mo(CO),-
(S;CNRy), (2.0 g) in benzene (30 mL) was prepared. A slight
excess of the appropriate alkyne (5-10% in excess of the 2 equiv
required) was added to the solution which was brought to reflux.
The solution turned green immediately after addition of alkyne.
After 1 h the reaction was complete., Solvent was removed in vacuo
from the brownish red solution. Chromatography on an alumina
column using toluene as an eluent brought off an orange band.
The solvent volume was reduced in vacuo followed by addition
of an alkane solvent. The solid was filtered, washed with cold
alkane solvent, and dried in vacuo to yield bright orange crystals
in 80% yield. The products are air stable as solids and moderately
air sensitive in solution.

Mo(PhC,Ph),(S;,CNMe,),: 'H NMR (CDCly) 6 7.40 (m, 20
H, C¢H;), 3.29 and 3.17 (s, 12 H, CHjy); IR (KBr) » (C=C) 1730

(17) Nesmeyanov, A. N.; Gusen, A. I; Pasynskii, A. A.; Anisimov, K.
N.; Kolobova, N. E.; Struchkov, Yu. T. J. Chem. Soc. D 1969, 277.

(18) Faller, J. W.; Murray, H. H. J. Organomet. Chem. 1979, 172, 171.

(19) Davidson, J. L.; Green, M.; Stone, F. G. A.; Welch, A. J. J. Chem.
Soc., Dalton Trans. 1967, 738.

(20) Watson, P. L.; Bergman, R. G. J. Am. Chem. Soc. 1980, 102, 2698.

(21) Colton, R.; Tomkins, I. B. Aust. J. Chem. 1966, 19, 1143.

(22) (a) Colton, R.; Scollary, G. R.; Tomkins, 1. B. Aust. J. Chem. 1968,
21,15. (b) Newton, W. E.; Corbin, J. L.; McDonald, J. W. Inorg. Synth.
1978, 18, 53.
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(w) em™. Anal. Calcd for MoS,N,Cg,Hso: C, 58.93; H, 4.66.
Found: C, 60.20; H, 4.70.

Mo(PhC,Ph),(S,CNEt,),: 'H NMR (CDClg) 8 7.27-7.60 (m,
20 H, C¢H;), 3.61 (q, 8 H, CH,), 1.12 (t, 12 H, CHy); IR (KBr)
»(C=C) 1737 (w) cm™.. Anal. Caled for MoS,N,CgsH,s: C, 60.93;
H, 5.39. Found: C, 62.02; H, 5.65.

Mo(HC,Ph),(S,CNMe,),; 'H NMR (CDCl;) 6 10.43 (s, 2 H,
=CH), 7.32-7.87 (m, 10 H, C¢Hj;), 3.36 and 3.12 (s, 12 H, CHj);
13C NMR (CDCl,, -40 °C) & 183.8 (major isomer), 183.6, 181.6
and 181.0 (s, =CCgHj), 178.1, 178.0, 176.0 (major isomer) and 174.0
(d, }J(=CH(av)) = 212 Hz, =CH); IR (KBr) »(C=C) 1676 (w)
cml, Anal. Caled for MoS,N,CoH,s: C, 48.87; H, 4.48. Found:
C, 49.17; H, 4.52.

Mo(HC,Ph),(S,CNEt,),: 'H NMR (CDCl,) 4 10.39 (s, 2 H,
=CH), 7.29-7.66 (m, 10 H, C¢H;), 3.73 (q, 8 H, CHy,), 1.06 (t, 12
H, CHy); IR (KBr) »(C=C) 1704 (w) cm™’. Anal. Calcd for
MOS4N2023H32! C, 52.33; H, 5.42. Found: C, 52.14; H, 5.69.

Mo(MeC,Ph),(S,CNEt;),: NMR (CDCly) 4 7.32-7.47 (m, 10
H, CgHy), 3.60 (q, 8 H, CH,), 1.10 (m, 18 H, CH,CH; and =CCHy);
IR (KBr) »(C=C) 1768 (w) cm™. Anal. Calcd for MoS,N;CygHgg:
C, 53.82; H, 5.82. Found: C, 53.96; H, 5.94.

Mo(R!C=CR?),(S,CNR;); (R = Me (a), Et (b); Rl =R% =
Et (5); R! = H, R?2 = n-Bu (6)). The following preparative
procedure is general for the synthesis of the alkyne complexes
listed above. A solution of Mo(CO)(S;CNRy), (2.0 g) in toluene
(30 mL) was prepared. A slight excess of the appropriate alkyne
(5-10% in excess of the 2 equiv required) was added to the
solution which was then brought to reflux. The solution color
turned green immediately after addition of the alkyne. After 1
h the reaction was complete. Workup was accomplished in the
manner described above with the exception that Mo(EtC,Et),-
(S,CNEt,), and Mo(HCy-n-Bu),(S,CNEt,),, being moderately
soluble in alkanes, were dissolved in pentane at room temperature
and crystallized when cooled to —20 °C. The solid was filtered,
washed with cold pentane, and dried in vacuo to yield bright
orange crystals in 80% yield. They are air stable solids and
moderately air sensitive in solution.

Mo(EtC,Et),(S;CNMe,),: 'H NMR (CDClg) 6 3.46 and 3.22
(s, 12 H, N-CHj,), 3.04 (m, 8 H, CH,), 1.13 (t, 12 H, =CCH,CHy);
13C NMR (CDCly) 4 183.8 and 181.3 (s, =CCH,); IR (KBr) »(C=C)
1795 (W) cm-l- Anal. Caled for MOS4N2018H32: C, 4318; H, 6.46.
Found: C, 43.19; H, 6.20.

Mo(EtC,Et),(S,CNEt,),;: 'H NMR (CDCly) 6 3.64 (q, 8 H,
NCH,CHjy), 3.07 (m, 8 H, =CCH,), 1.12 (m, 24 H, NCH,CH, and
=CCH,CH,); IR (KBr) »(C=C) 1786 (w) cm™.. Anal. Caled for
MOS4N2022H405 C, 47.46; H, 7.26. Found: C, 47.45; H, 7.29.

Mo(HC,-n-Bu),y(S,CNMe,),;: 'H NMR; (CDCly) 6 9.72 (s, 2,
=CH), 3.48 and 3.21 (s, 12 H, N-CHy), 3.12 (m, 4 H, =CCH,),
1.62 (m, 4 H, =CCH,CH,), 1.26 (m, 4 H, =CCH,CH,CH,), 0.87
{t, 6 H, =CCH,CH,CH,CH,); 1*C NMR (CDCl;, —40 °C) 5 189.3,
188.3 (major isomer) and 187.7 (s, =CCHy), 170.4, 169.2 (major
isomer), 167.8 and 167.0 (d, J(=CH(av)) = 210 Hz, =CH); IR
(KBr) »(C=C) 1717 (w), 1699 (w) cm™. Anal. Caled for
MoS4N2013H32: C, 43.18; H, 6.46. Found: C, 4342; H, 6.50.

Mo(HC;-n-Bu),(S,CNEt,),: 'H NMR (CDCly) 6 9.66 (s, 2
H, =CH), 3.92 (m, 4 H, =CCH,), 3.63 (q, 8 H, NCHj,), 2.79 (m,
4 H,=(CH,CH,), 1.55 (m, 4 H, =CCH,CH,CH,), 1.13 and 1.35
(t, 12 H, =NCH,CH,), 0.83 (t, 6 H, =CCH,CH,CH,CH;); IR
(KBr) »(C=C) 1713 (w) 1696 (w) cm™. Anal. Calcd for
MOS4N2022H40: C, 47.46; H, 7.26. Found: C, 46.97, H, 7.28.

Mo(R!C=CR!),(S,CNR,); (8) (R = Me, Et; R! = CO,Me).
In a representative reaction dimethylacetylenedicarboxylate
(DMAC) (1.05 mL, 1.22 g, 8.56 mmol) was added to a solution
of Mo(CO)(HC=CH)(S,CNMe,), (7a) (1.54 g, 3.94 mmol) and
CH,C]; (30 mL) in a Schlenk flask. The reaction was stirred 2
h with occasional venting of the flask to allow evolved acetylene
gas to escape. The solution was reduced in vacuo to 3 mL. Hexane
(10 mL) was added and the solution slowly cooled to —20 °C.
Mo(DMAC),(S;CNMe,), (8a) (2.3 g, 3.71 mmol), 95% yield, was
isolated as air stable garnet crystals.

Mo(DMAC),(S,CNMe,),: 'H NMR (CDCl;) 63.85 (s, 12 H,
CH;0,CC==), 3.44 and 3.18, (s, 12 H, NCH,); IR (KBr) »(C=C)
1819 (w) cm™. Anal. Caled for MoS,N,C,gH,,Og: C, 34.83; H,
3.81. Found: C, 34.18; H, 3.81.

Mo(DMAC),(S,CNEt,),: 'H NMR (CDCly) 4 3.82 (s, 12 H,
CH;0,CC==), 3.58 (q, 8 H, CH,), 1.14 (t, 12 H, NCH,CH,). Anal.
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Calcd for MOS4N2C22H3203: C, 39.04; H, 4.76. Found: C, 39.72,
H, 4.95.

Mo(HC==CH),(S,CNR,), (9). Three distinct routes were used
in attempts to produce the parent bis(acetylene) species. (i)
Mo(S;CNMe;),(CO)(HC,H) (7a) (0.36 g, 0.92 mmol) and 5 mL
of toluene were added to a 20-mL Carius tube. The Carius tube
was placed in liquid nitrogen and connected in series by vacuum
hose with a drying tube and a 100-mL flask and addition funnel.
The system was partially evacuated. Acetylene gas was generated
from the reaction of H,0 and calcium carbide (0.32 g). After 0.5
h of static vacuum it was assumed acetylene transfer to the Carius
tube was complete. The tube was sealed under vacuum and placed
in a steel cylinder in an oil bath. The tube was heated 10 h at
90 °C. At the end of that time the solution color had changed
from green to orange-brown. The tube was cracked, and the
contents were extracted (CH,Cly, 3 X 5 mL) in a Schlenk flask.
The solution was reduced in vacuo and chromatographed on a
short alumina column with toluene. A very pale orange band
(probably Mo(HC,H),(S;CNMe,),) eluted first followed by a small
green band composed of starting material. The remaining product
stayed at the top of the column as orange-brown decomposition
products. Not enough of the pale orange band was collected to
identify it as the bis(ethyne) complex. (ii) A solution of Mo-
(CO),(S;CNMe,), (0.78 g, 1.99 mmol) and 100 mL of xylene in
a 300-mL 2-neck Schlenk flask was converted to Mo(CO)-
(HC,H)(S,CNMe,), utilizing commercial acetylene. A 500-mL
Schlenk flask containing lumps of calcium carbide (30 g, 470
mmol) was connected by Tygon tubing to a large drying tube
containing anhydrous calcium chloride and Drierite indicator. A
syringe needle, connected by a syringe needle adapter and Tygon
tubing to the exit tube part of the drying tube, was placed through
a septum directly into the solution of Mo(CO)(HC,H)(S;CNMe,),.
The solution was heated to reflux. Distilled water was slowly
dripped from a dropping funnel onto the calcium carbide gen-
erating acetylene gas which bubbled into the xylene solution. A
mineral oil bubbler attached to the top of the reflux condenser
acted as the outlet for excess pressure buildup in the reaction flask.
As the temperature approached reflux, the solution changed from
the characteristic green of Mo(CO)(HC,H)(S;CNMe,), to a muddy
brown. The solution was heated 1.5 h while a steady stream of
acetylene was bubbled through the solution. The reflux was
terminated when the supply of acetylene was exhausted. After
the solution was cooled, the solvent was removed in vacuo and
the solid chromatographed as described above. A large amount
of unidentified brown decomposition product and very small
amounts of Mo(HC,H),(S;CNMe,); and Mo(CO)-
(HC,H)(S,CNMe,), were separated. The orange band containing
Mo(HC,H),(S,CNMe,); and residual amounts of Mo(CO)-
(HC,H)(S,CNMe,), were rechromatographed on a smaller column
to isolate pure Mo(HC,H),(S,CNMe,),. (iii) Mo(CO),(S,CNEt,),
(1.0 g, 2.23 mmol) was weighed into a 150-mL stainless-steel bomb
in a drybox. The bomb was removed from the drybox and con-
nected to stainless-steel tubing used to admit gas to the bomb
chamber. Toluene (25 mL) was added via syringe. Oxygen was
removed from the system by a water aspirator. The bomb was
pressurized with C,H, to 96 psi and the solution warmed to 90
°C. The bomb was vented twice to monitor the progress of the
reaction by soluton IR and remove CO evolved from the reaction.
After 5 h the reaction was judged to be complete. The solution
was transferred by syringe to a round-bottom Schlenk flask. The
residue was extracted with CH,Cl, (3 X 20 mL). The solvent was
reduced in vacuo and chroamtographed as described above. A
small orange band containing Mo(HC,H),(S,CNEt,), was eluted
followed by a small green band containing Mo(CO)-
(HC,H)(S,CNEt,),. A very large amount of decomposition
product remained at the top of the column. Solvent from the
orange solution was removed in vacuo to yield a gummy orange
solid: 'H NMR (CDCly) 4 10.46 and 10.12 (s, 4 H,=CH), 2.96-3.23
(m, 8 H, CH,), 0.71-0.91 (m, 12 H, CH,).

Mo(HC,Ph)(PhC,Ph)(S,CNEt,), (10b). Diphenylacetylene
(0.08 g, 0.45 mmol) was added to a solution of Mo(S,CNEt,),-
(HC,Ph)(CO) (0.22 g, 0.42 mmol) in benzene (25 mL). The green
solution was brought to reflux. After 1 h there were no bands
in the solution IR attributable to »(CO), and the solution color
was orange. The solution was reduced in vacuo. Heptane was
added to induce the precipitation of the orange solid identified
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by the 'H NMR of the downfield acetylenic proton region as
containing Mo(HC,Ph)(PhC,Ph)(S,CNEt,), and Mo(HC,Ph),-
(S,CNEt,), in the ratio 3:1. Mo(PhC,Ph),(S,CNEt,), may also
have been present in this mixture but could not be positively
identified: 'H NMR (CDCly) § 10.63 (br s, 3 integration units,
=CH of Mo(HC,Ph)(PhC,Ph)(S,CNEt,), 10.44 (s, 1 integration
unit, =CH of MO(HCgPh)g(SzCNEtZ)g.

Mo(RC=CR)(PhC=CPh)(S,CNMe,); (R = CO;Me,
DMAC). Dimethylacetylenedicarboxylate (0.074 g, 0.52 mmol,
0.064 mL) was added to an orange solution of Mo(PhC,Ph),-
(S;CNMe,), (0.87 g, 1.26 mmol) in toluene (25 mL). The solution
was heated to reflux. The reaction, followed by monitoring the
v(C==0) band of the diester alkyne, was judged complete after
3 h. The dark orange-brown solution was reduced in vacuo and
chromatographed on an alumina column. An orange band con-
taining Mo(PhC,Ph),(S,CNMe,), was eluted with toluene. A
second orange band containing Mo(PhC,Ph)(DMAC)(S,CNMe,),
was eluted by using a 50:50 mixture of toluene and CH,Cl,.
Solvent was removed from both solutions to yield <560 mg of each
product. The remaining reaction mixture could not be eluted from
the column: 'H NMR of Mo(PhC,Ph)(DMAC)(S,CNMe,),
(CDCly) 8 7.27-7.78 (m, 10 H, CgHy), 3.93 (s, 6 H, CH;0,CC=),
3.40, 3.24 and 3.04 (s, 12 H, ratio 1:2:1, N-CHj).

Mo(PhC,H)(EtC,Et)(S;CNMe,), (12a). 3-Hexyne (0.127 g,
1.54 mmol, 0.175 mL) was added to a solution of Mo-
(S,CNMe,),(HC,Ph)(CO) (0.718 g, 1.79 mmol) in benzene (25 mL).
The solution was brought to reflux. After 1 h the solution color
was dark orange-brown. The solvent was removed in vacuo. The
solid was chromatographed on an alumina column with toluene
as eluent. An orange oil was isolated. 'H NMR showed a mixture
of Mo(HC,Ph)(EtC,Et)(S,CNMe,), and Mo(HC,Ph),(S,CNMe,),
in the ratio of 4:1. Medium-pressure chromatography with an
almina column 1 cm X 100 cm, using toluene as the eluent, under
20 psi of pressure yielded partial separation of the two bis(alkynes).
A light orange band was eluted slightly before a dark orange band.
The light orange band contained Mo(HC,Ph){EtC,Et)(S,CNMe,),
and Mo(HC,Ph),(S;CNMe,), in the ratio 30:1. The dark orange
band showed the presence of both these same two compounds
in significant amounts: 'H NMR of Mo(HC,Ph)-
(EtC,Et)(S;,CNMe,), (CDCly) 6 10.08 and 9.96 (s, 1 H, =CH, two
rotational isomers), 7.16-7.62 (m, 5 H, C¢Hj), 3.06-3.47 (m, 16
H, NCH; and =CCH,), 1.14 (m, 6 H, =CH,CH,).

Mo(PhC,Ph)(HC,-n-Bu)(S,CNMe,), (13a). A fivefold excess
of 1-hexyne (0.032 g, 0.385 mmol, 0.043 mL) was added to a
solution of Mo(S;CNMe,),(CO)(PhC,Ph) (0.042 g, 0.077 mmol)
in CH,Cl; (mL). The solution was stirred 18 h. The solvent was
removed in vacuo, leaving an oily orange solid. 'H NMR indicates
the presence of both Mo(PhC,Ph),(S;CNMe,); and Mo(HC,-n-
Bu)(PhC,Ph)(S;CNMe,), in an approximate ratio of 3:1: 'H NMR
of Mo(HC,-n-Bu)(PhC,Ph)(S,CNMe,), § 10.02 (s, 1 H, =CH),
7.27 (m, 10 H, CCgHy), 3.30 (m, 2 H, =CCH,), 3.15 and 3.02 (s,
12 H, NCHj,), 1.20-1.50 (m, 4 H, =CCH,CH,CH,), 0.075 (t, 3 H,
=CCH,CH,CH,CH,).

Theoretical Calculations. The extended Hiickel method was
employed in this study. Program number QCPE 358 from the
Quantum Chemistry Program Exchange, Chemistry Department,
Indiana University, was used for these calculations. Values for
the parameters used in these calculations were obtained from
published sources.?? The crystallographic coordinates of W-
(S;CNMe,)o(CO)(HC,H)3 were used to establish the dithio-
carbamate geometry. The N-H distance was set at 1.02 A. The
C=C bond distance was fixed at 1.29 A. A bent acetylene ge-
ometry with C-C-H angles of 135° and C-H distances of 1.07 A
was adopted. A Mo—C(alkyne) distance of 2.17 A (average) was
used based on the comparison of analogous distances in (n°-
C5H5)W(CF3020F3)20119 and (175-C5H5)Nb(PhCZPh)2(CO)17 The
overall geometry was pseudooctahedral with the cis alkynes aligned
parallel with respect to one another.

Results
Syntheses. The preparation of bis(alkyne) complexes

(23) (a) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am.
Chem. Soc. 1979, 101, 585. (b) Stockis, A.; Hoffmann, R. Ibid. 1980, 102,
2952. (c) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.
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of the type Mo(RC=CR),{dtc), (dtc = "S,CNR,) has been
briefly described based on the reaction of Mo(CO),-
(S,CNEt,), with excess PhC=CH, (Me0,C),C,, or related
alkynes in methylene chloride at reflux for 18 hours.” We
wish to report syntheses of new bis(alkyne) complexes of
both internal and terminal alkyl alkynes as well as im-
proved routes to the previously available bis(alkyne)bis-
(dithiocarbamato)molybdenum complexes as depicted in
Scheme I. The temperatures accessible in refluxing aro-
matic solvents substantially decreased the reaction time
and consistently produce yields of 70-80% based on the
limiting metal carbonyl reagent. Syntheses of compounds
with 3-hexyne (5) and 1-hexyne (6) ligands were not fea-
sible in low boiling chlorinated solvents.

Scheme 1

benzene

(i) Mo(CO)y(S,CNRy), + 2RIC=CR? TR

la, R = Me, dmtc
1b, R = Et, detc
MO(RICECR2)2(SZCNR2)2 + 2C0(g)
2, Rl =R?=Ph
3, R' =H,R2=Ph
4, R! = Me, R? =Ph

(i) Mo(CO)(S,CNRy); + 2R'C=CR? —=oore
la, R = Me,dmtc 110°C, 4k
1b, R = Et, detc
Mo(RIC=CR),(S,CNRy), + 2CO(g)
5,R'=R?= Rt
6, R! = H, R = n-Bu

The formation of Mo(DMAC),(dtc), (8) (DMAC = di-
methylacetylenedicarboxylate) from Mo(CO),(S;CNR,),
and free dimethylacetylenedicarboxylate occurs at room
temperature in 1 h. Column chromatography on alumina,
which was utilized to purify products 2—6, was unsuccessful
in purifying Mo(DMAC),(dtc),. Although multiple re-
crystallizations of the crude reaction product produced
pure samples of the desired bis(alkyne) complex, a pref-
erable preparation was realized by employing Mo(CO)-
(HC=CH)(dtc), (7) as the reagent of choice for generating
Mo(DMAC),(dtc), by ligand substitution as shown in
Scheme II. This method provided analytically pure
product without additional recrystallizations.

Scheme 11
(i) Mo(CO)4(S,CNR,), + HC=CH(g) —
la, R = Me, dmtc

1b, R = Et, detc
Mo(CO)(HC=CH)(S,CNR,), + CO(g)
7

(ii)
Mo(CO)(HC=CH)(S,CNR,), + (Me0,C),C,

7
MO(MeOZCCECC02Me)Q(SQCNR@)Q + CO(g) +
8
CHsz(g)

CH,Cl,

Efforts to effect the synthesis of Mo(HC=CH),(dtc),
in reasonable yields were unsuccessful. Only trace amounts
of the desired parent bis(acetylene) complex were isolated
from reactions employing excess acetylene with pressures
up to 95 psi.

The formation of mixed bis(alkyne) complexes was
shown to be technically feasible by synthesis of the rep-
resentative mixed complexes listed in Scheme III. These
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Scheme II1

(i) Mo(CO)(PhC=CH)(dtc), + RCECRTE%T
Mo(PhC=CH)(RC==CR)(dtc); +
10, R = Ph
12,R = Et
Mo(PhC=CH),dtc, + CO(g)
(i) Mo(PhC=CPh),(dmtc), + RC=CR —utoh:;;ah’
Mo(PhC=CPh)(RC=CR)(dmtc), +
11a, R = COzMe
Mo(RC=CR),(dmtc),

(iii)
CH,Cl,
Mo(CO)(PhC=CPh)(dmtc), + HC=C-n-Bu ——
Mo(PhC—CPh)(HC=C-n Bu)(dmtc)2

Mo(PhC—CPh)z(dmtc)z + CO(g)

complexes are formed along with at least one and some-
times both other possible bis(alkyne) products. In the case
of Mo(CO)(PhC==CPh)(dtc), room temperature reaction
with the relatively unreactive 1-hexyne in excess produced
substantial amounts of Mo(PhC=CPh),(dtc), with the
desired mixed complex, Mo(PhC=CPh)(HC=C-n-Bu)-
(dtc)q, constituting only 25% of the isolated bis(alkyne)
material. The mixed product Mo(PhC=CPh)(DMAC)-
(dtc), was successfully purified by column chromatography.
Preparation of Mo(PhC=CH)(EtC=CEt)(S,CNMe,),
from Mo(CO)(PhC=CH)(S,CNMe,), and 3-hexyne fol-
lowed by chromatography on alumina produced the desired
mixed alkyne and the bis(phenylacetylene) complex in a
4:1 ratio. Further chromatographic separation with a
medium pressure apparatus produced a ratio of Mo-
(HC,Ph)(EtC,Et)(S,CNMe,), to Mo(HC,Ph),(S;CNMe,),
of 30:1. No attempt was made to separate Mo(HC,Ph)-
(PhCy,Ph)(S,CNMe,), or Mo(HC,-n-Bu)-
(PhC,Ph)(S,CNMe,), from the bis(alkyne) byproducts
generated during their preparation.

Infrared Vibrational Data. The »(C=C) stretching
mode for these compounds can be observed as a very weak
band in concentrated KBr disks for each of the bis(alkyne)
complexes listed in Table I. Resolution of the two weakly
coupled »(C==C) vibrational frequencies of the two cis-
alkynes was observed in several cases (Figure 1). The
absorption frequencies for the Mo(RC=CR),(dtc), com-
plexes under investigation ranged from 1676 to 1819 cm™.

NMR Properties. Proton NMR spectra of Mo(HC=
CR),(dtc), complexes display resonances assigned to ter-
minal acetylenic protons between 4 9.6 and 10.5. At low
temperatures (below -50 °C) both Mo(HC,Ph),-
(S;CNMe,), and Mo(HC,-n-Bu),(S;CNMe,), exhibit four
distinct singlets in this low-field region with two of the four
mated to one another by equal intensities; all four signals
coalesce as the sample is warmed to ambient temperature.
Seven resolved 'H methyl signals are observed for the
N,N-dimethyldithiocarbamate ligands in these two com-
plexes in the low-temperature limit; these average to
produce two equal intensity signals at room temperature
(Figure 2).

Carbon-13 NMR spectra of Mo(HC,Ph),(S;CNMe,),,
MO(EtCzEt)g(SchMez)g, and MO(HCg'n'BU)z(SchM32)2
display acetylenic carbon-13 resonances in the range of
167-190 ppm with internal alkyne carbons downfield of
terminal carbon resonances. Gated decoupled carbon-13
spectra of Mo(HC,Ph),(S,CNMe,), and Mo(HC,-n-Bu),-
(S;CNMe,), served to positively identify terminal alkyne
carbons while furnishing JJ(C-H) coupling constants of

Herrick and Templeton

Table I. Mo(R!C=CR?),(dtc), »(C=C)
Infrared Stretching Frequencies

complex »(C=C), cm™!
Mo(PhC,Ph),(S,CNMe,), 1730
Mo(PhC,Ph),(S,CNEL,), 1737
Mo(HC,Ph),(S,CNMe,), 1676
Mo(HC,Ph),(S,CNEt,), 1704
Mo(MeC,Ph),(S,CNEt,), 1768
Mo(EtC,Et),(S,CNMe,), 1795
Mo(EtC,Et),(S,CNEt,), 1786
Mo(HC,-n-Bu),(S,CNMe,), 1717
Mo(HC,-n-Bu),(8,CNEt,), 1713, 1696
Mo(DMAC),(S,CNMe,), 1819, 1797
Mo(DMAC),(S,CNEt,), 1787

1800 em=1 1300
|f L

~

/! P
1699 cm -1

1717 em-!

Figure 1. Infrared absorptions assigned to »(C=C) of Mo-
(Me0,CC=CCO,Me),(dmtc), (concentrated KBr pellet sample).

212 and 210 Hz, respectively.

The results of a variable-temperature carbon-13 NMR
study of the symmetrical bis(3-hexyne) complex, Mo-
(EtC,Et),(S,.CNMe,),, are shown in Figure 3 where coa-
lescence of the methylene carbons of the alkyne ethyl
groups is evident near 313 K. The two signals due to
dithiocarbamate methyl groups at low temperatures
coalesce near 333 K.

Discussion

Chemical Reactivity Patterns. The chemistry of
M(CO);s(dtc); (M = Mo, W) is characterized by facile
carbon monoxide substitution reactions. These reagents
have proven to be a fertile source of dithiocarbamate
carbonyl derivatives of both molybdenum(II) and tung-
sten(II) as a result of reaction 1 where L can be *CO,2

M(CO);(dte), + L — M(CO),L(dtc), + CO(g) (1)

PPh;, PR, P(OR),,% pyridine, or tetrahydrothiophene?
while with L. = hydrazine a bridged dimer has been isolated
([Mo(CO)4(dte),]sNH,). %  Substitution of the dicarbonyl
derivatives to form seven-coordinate M(CO)L,(dtc); com-
plexes is substantially more difficult, but such products
have recently been reported with phosphine ligands.??8

(24) Templeton, J. L. Adv. Chem. Ser. 1979, No. 173, 263.

(25) Ward, B. C.; Templeton, J. L. J. Am. Chem. Soc. 1981, 103, 3743.

(26) Nieter, S. J.; Templeton, J. L., unpublished results.

(27) Broomhead, J. A.; Budge, J.; Enemark, J. H.; Feltham, R. D,;
Gelder, J. 1; Johnson, P. L. Adv. Chem. Ser. 1977, No. 162, 421.
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Figure 2. Dynamic 'H NMR spectra of Mo(HC,Ph),(S,CNMe,),.
Averaging of the four low-temperature acetylenic proton signals
and collapse to only two dithiocarbamate methyl signals occurs
with increasing temperature.

The rapid formation of M(CO)(RC=CR)(dtc), products
from reaction of acetylenes with the tricarbonyl parent
compounds at room temperature is accompanied by loss
of two carbon monoxide ligands and must be considered
surprising in view of the difficulty encountered in pre-
paring other monocarbonyl derivatives of these complexes.
Furthermore incorporation of a second alkyne with loss
of the lone remaining carbonyl ligand occurs in a facile
room temperature reaction for M = Mo with R = CH;0,C.
A similar substitution takes place in refluxing benzene or
toluene for aryl- and alkylacetylenes, respectively.

The relative rate of conversion of the monocarbonyl-
(alkyne)molybdenum complexes, Mo(CO)(RC=CR)(dtc),,
to the bis(alkyne) species, Mo(RC=CR),(dtc),, varies with
the nature of the alkyne substituents. Qualitatively the
more electron-withdrawing groups promote more rapid
formation of the bis(alkyne) product as evident in the
observed order (MeQO,C),C, > Ph,C,, PhC,Me, PhC,H >
Et,C,;, n-BuC,H. Note that formation of the monoalkyne
carbonyl reagent is rapid for all of the alkynes studied, and

(28) Crichton, B. A. L.; Dilworth, J. R.; Pickett, C. J.; Chatt, J. J.
Chem. Soc., Dalton Trans. 1981, 892.
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Figure 3. Dynamic 3C NMR of Mo(EtC,Et),(S,CNMe,),.
Two-site exchange between the inequivalent ends of the alkyne
ligands occurs first followed by averaging of the two dithio-
carbamate methyl signals at higher temperatures.

the observed rate variation for formation of the bis(alkyne)
complexes from Mo(CO)s(dtc), arises solely from the step
which involves replacement of the last carbonyl ligand by
the second alkyne ligand. Preliminary kinetic data for
reaction 2 are in accord with a first-order rate expression

Mo(CO)(RC=CR)(dtc), + RC=CR —
Mo(RC=CR),(dtc), + CO(g) (2)

which is zero order in added alkyne. Watson and Bergman
have obtained similar kinetic results for the exchange re-
action of [(x-CzHz;)Mo(CH;C=CCH,;),(CO)]* with CD;-
C=CCD,.2® This suggests that the rates observed for
transformation of Mo(CO)(RC=CR)(dtc), to Mo(RC==
CR),(dtc), depend on the alkyne in the coordination sphere
rather than on reactivity of the free alkyne. More exten-
sive kinetic studies are now in progress to probe the
mechanism of this reaction.

The potential utility of selective dimerization and trim-
erization of unsymmetrical and distinct alkynes in a
stepwise manner has not yet been exploited.?? The
preparation of mixed bis(alkyne) complexes is an impor-
tant step toward mediating alkyne condensations. Pre-
vious mixed bis(alkyne) complexes of early transition
metals have been limited to complexes such as (7-C5Hj)-
Mo(CF3C=CCF3)(PhC=CPh)C1*® and [(x-C;Hs)Mo-
(RC=CR)(RC=CR!)Co]*.? A recent study concerning

(29) Bonneman, H. Angew. Chem., Int. Ed. Engl. 1978, 17, 505.
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the isomerization of n*-cyclobutadiene cobalt complexes
has implicated reversible formation of a mixed bis(alkyne)
species as the key step in this high-temperature rear-
rangement process.*

Formation of mixed bis(alkyne) dithiocarbamate com-
plexes of molybdenum was accompanied by generation of
other bis(alkyne) products as a result of alkyne exchange
reactions involving the Mo(CO)(RC==CR)(dtc), reagent
prior to conversion to bis(alkyne) products. The facile
exchange of Mo(CO)(HC=CH)(dtc), with added alkyne
provides a convenient preparative route to a variety of pure
Mo(CO)(R!C=CR?(dtc), complexes. That exchange is
also important in other cases is supported by the isolation
of Mo(PhC,Ph),(S,CNMe,), as the major bis(alkyne)
product formed when Mo(CO)(PhC=CPh)(S,CNMe,), is
reacted with excess 1-hexyne at room temperature. In
separate experiments we have demonstrated that (i) Mo-
(CO)(EtC==CEt)(dtc), is completely converted to Mo-
(CO){(PhC==CH)(dtc), at room temperature within 5 h
when phenylacetylene is present in excess and (ii) Mo-
(EtC==CEt),(dtc), undergoes no exchange with excess free
phenylacetylene at room temperature over a 20-h period.
These observations are consistent with rapid alkyne ex-
change at the monocarbonyl stage relative to substitution
of the carbonyl ligand to form bis(alkyne) products which
are then reluctant to undergo alkyne exchange.

Spectroscopic Properties. The »(C=C) stretching
mode of many mono- and bis(alkyne)metal complexes is
difficult to observe in infrared spectra. We have found that
concentrated solid samples of M(CO)}{(RC=CR)(dtc), and
Mo(RC==CR),(dtc), derivatives exhibit a weak but re-
producible absorption appropriate for the carbon—carbon
stretch of the bound alkyne. The frequency of this ab-
sorption is an important experimental observable since it
provides information about the strength of the coordinated
carbon-carbon triple bond. Donation to the metal from
both =, in a ¢ fashion and from 7, in a = manner will
weaken the multiple bond character of the C==C linkage
as will » acceptance by the vacant =* orbital of the
acetylene ligand. In a qualitative sense the decrease ob-
served in »(C==C) between free and bound alkyne serves
as a measure of the total metal-alkyne bonding interaction.
In other words an increase in either donor or acceptor
behavior should be reflected by a decrease in the energy
of the carbon-carbon vibrational mode.

Large variations in the multiple bond character of bound
alkynes are evident in the wide range of frequency shifts,
roughly 100-500 cm™, observed in comparing »(C=C) of
free alkynes with coordination complexes of the same
alkyne.3! In the bis(alkyne)bis(dithiocarbamato)molyb-
denum(1Il) complexes reported in this work »(C=C) de-
creases ranging from 300 to 500 cm™ are observed upon
coordination of the free alkynes. The relative impact of
metal-alkyne bonding in a closely related series of com-
pounds can be assessed by employing the observed »(C=C)
frequency as a diagnostic tool. Data for several di-
methylacetylenedicarboxylate complexes of molybdenum
are compiled in Table II, and the vibrational frequencies
are lowered most for the complex formally requiring
four-electron donation to attain the inert-gas configuration.
The highest frequencies are observed in those cases where
alkyne m donation is inhibited by competition with the oxo
lone pair for the same vacant metal d= orbital. The formal

(30) Ville, G.; Vollhardt, K. P. C.; Winter, M. J. J. Am. Chem. Soc.
1981, 103, 5267.

(31) (a) Collman, J. P.; Kang, J. W,; Little, W. F.; Sullivan, M. F,;
Inorg. Chem. 1968, 7, 1298, (b) Collman, J. P.; Kang, J. W. J. Am. Chem.
Soc. 1967, 89, 844.
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Table II. Dimethylacetylenedicarboxylate (DMAC)
v(C=C) Frequencies for Molybdenum Complexes

complex v(C=C), em™! ref
OMo(DMAC)(dmtc), 1870 a
OMo(DMAC)(detc), 1850 a
Mo(DMAC),(dmtc), 1819, 1797 this work
Mo(DMAC),(detc), 1790 this work
[Et,N][Mo(DMAC),Cl] 1760 b
Mo(DMAC)(CO)(detc), 1730 c

% Newton, W. E.; McDonald, J. W.; Corbin, J. L.;
Ricard, L.; Weiss, R. Inorg. Chem. 1980, 19, 1997,
b Birdwhistell, K. R., unpublished results. ¢ Morrow,
J. R., unpublished results.

three and three and one-third electron donation cases also
fit into this sequence.

Chemical shift values of acetylenic protons!® and car-
bons? have previously been empirically correlated with
electron donation from the bound alkyne. For the bis-
(alkyne) complexes reported herein terminal alkyne ligands
exhibit proton chemical shifts which are below values re-
ported for complexes where the alkyne ligand donates only
two electrons (6 7-8) and upfield from the 12-13 ppm range
associated with the Mo(CO)(RC=CH)(dtc), complexes.
The molecular orbital description which applies in cases
where more than one ligand has w-electron density
available for donation to a single metal d= orbital has been
presented.! In this context the bis(alkyne) complexes can
be considered to contain two formal three-electron donor
alkyne ligands. The oxo analogues of the monocarbonyl
monoalkyne complex, M(O)(RC=CR)(dtc),, are not sus-
ceptible to such simplistic formalisms, however, since any
combination of oxo and alkyne r donation which totals
four electrons would satisfy the 18-electron rule guidelines,
The 'H NMR data, the infrared »(C=C) results, and the
13C chemical shift values (167 to 190 ppm for Mo-
(HC,Ph),(S,CNMe,);, Mo(HCy-n-Bu),(S;CNMe,),, and
Mo(EtC,Et)(S;CNMe,),) are consistent with the hypoth-
esis that the alkyne ligand in oxo complexes donates less
electron density to the metal than the same alkyne donates
in the analogous bis(alkyne) complex. An excellent
qualitative discussion of the bonding in Mo(O)(RC=
CR)(dtc), complexes has been presented previously.®

The one bond coupling constants, !J(=CH), for Mo-
(HC,Ph),(S,CNMe,), and Mo(HC,y-n-Bu),(S,CNMe,),
were 212 and 210 Hz, respectively. The Mo(CO)(PhC=
CH)(S;CNMe,), complex exhibited a 'J(=CH) value of
215 Hz while earlier studies of W(CO)(RC=CH)(dtc),
and W(0)(RC=CH)(dtc),!° revealed coupling constants
of 210 and 215 Hz for 'J(=CH) in these related tungsten
systems. The hybridization of the carbon center can be
related to the observed coupling constant when the Fermi
contact term dominates this one bond coupling constant.3?
On the basis of the above results, it is clear that the C-H
coupling constant is insensitive to changes in the identity
of the metal, the oxidation state of the metal, and the
donor-acceptor role of the alkyne ligand in this series of
group 6 dithiocarbamate alkyne complexes.

Dynamic Solution Behavior. When two identical
unsymmetrical alkyne ligands are bound to a cis-M(dtc),
fragment to form an octahedral complex, there are three
potential rotational isomers as depicted in Figure 4 for
Mo(RC=CH),(dtc), complexes. The C, symmetry of the
bis(dithiocarbamato)molybdenum(II) moiety is retained

(32) Ward, B. C,; Templeton, J. L. J. Am. Chem. Soc. 1980, 102, 1532.
(33) Drago, R. S. “Physical Methods in Chemistry”; W. B. Saunders:
Philadelphia, PA, 1977; p 218.
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Figure 4. Rotational isomers accessible for bis(alkyne) complexes
containing Mo(dtc), and (x-CsHs)MoX fragments.

in the two isomers which can be identified as “trans” based
on the relative locations of the two terminal alkyne pro-
tons, while the “cis” isomer has no molecular symmetry,
This system is complementary to the (7-C;H;)MoCl-
(RC=CH), complexes examined by Murray and Faller
where the C, symmetry of the (x-CsH;)MoCl fragment is
retained in two cis isomers while the trans arrangement
produces a C; molecule.!®

The observation of a single resonance for the acetylenic
protons of both Mo(HC,Ph),(S,CNMe,), and Mo(HC-n-
Bu),(S,CNMe,), suggested that a dynamic process was
exchanging the alkyne environments rapidly on the NMR
time scale at room temperature. That both these bis-
(alkyne) complexes are stereochemically nonrigid in solu-
tion was confirmed by variable-temperature *H studies
while Mo(EtC,Et),(S;CNMe,), was examined by 3C
studies (see Figures 2 and 3). Low-temperature spectra
of Mo(HC,Ph),(S,CNMe,), are compatible with substan-
tial population of each of the three isomers. The cis isomer
can be assigned unambiguously on the basis of intensity
relationships. The experimental data provide no distinc-
tion between the two trans forms; the most intense of the
two trans terminal alkyne resonances will be associated
with the trans’ label to facilitate discussion. For Mo-
(HC,Ph),(S;,CNMe,), the mole ratio of trans’:cis:trans”
isomers was 2.9:2.3:1.0 as determined by integration of the
acetylenic proton resonances at —-54 °C. Averaging of these
signals occurred with increasing temperature, and a
merging of all the acetylenic proton signals, approximating
a coalescence, was evident for both Mo(HC,Ph),-
(SgCNMeg)z and MO(HCZ'n'Bu)2(SchMeg)2 at +12 and
-1 °C, respectively. For Mo(HC,-n-Bu),(S,CNMe,), the
isomer ratio was independent of temperature from —58 to
-15 °C, but overlap of one of the cis resonances with one
trans resonance precluded definitive isomer population
analysis. The broad resonance near 10.0 ppm contains one
cis proton and both protons of a single trans form, say
trans’. The signal intensity ratios are 1.0:2.6:1.4 so the mole
ratios of trans’:cis:trans” are either 0.8:1.0:0.7 or 0.6:1.4:0.5.
In either case it is clear than the maximum free energy
difference among the three isomers is less than 0.5 kcal
for both Mo(HC,Ph),(S;,CNMe,), and Mo(HC,-n-Bu),-
(S;CNMe,);. Spectra of 3a as a function of temperature
(Figure 2) reveal that averaging of the dithiocarbamate
methyl groups to produce a simple two-line pattern ac-
companies the alkyne-exchange process. This is to be
expected if alkyne rotation is interconverting the three
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Table III. Activation Barriers Calculated for
Mo(EtC=CEt),(S,CNMe,), (5a)

AGH,
keal

13C site probed T, °C Robsds 87"
=CEt 20 20 15.4
55¢@ 340 15.56
100 7200 15.4
=CCH,CH, 20 31 15.2
429 210 15.1
60 380 15.6
=CCH,CH, 20 35 15.1
av AGY 15.3
8,CN(CH,), 839 36 18.5

¢ Estimated coalescence temperature.

isomeric forms since the eight independent methyl groups
of the three isomers (trans’, 2; trans”, 2; cis, 4) retain only
their relationship to the bis(dithiocarbamato)molybdenum
fragment once alkyne rotation is rapid on the NMR time
scale. Since the alkyl groups reflect the environments of
the bound sulfur atoms as long as the S,CNR, fragment
remains planar, one can consider the Mo(dtc), moiety to
have “cis” and “trans” alkyl groups just as two of the sulfur
atoms are cis and two are trans. This is reflected in the
two equal intensity methyl signals evident in the high-
temperature limit.

Note that interconversion of the two trans isomers must
necessarily involve passage through the cis isomer and vice
versa since simultaneous rotation, either conrotatory or
disrotatory, leads to a transition state with both cis-alkynes
in a single meridional plane along with two sulfurs. Such
a species would clearly be sterically hindered and too high
in energy to provide a facile rearrangement pathway. A
series of independent alkyne rotations can account for all
of the intramolecular isomerizations observed in this study
(see Scheme IV).

A variable-temperature 3C study of Mo(EtC,Et),-
(S;,CNMe,), probed the barrier to alkyne rotation based
on line-width measurements to monitor the rate of ex-
change in this equal population, two-site exchange pro-
cess.’*3* The data presented in Table III for exchange
of each of the carbons in the bound 3-hexyne yield an
average AG* value of 15.3 % 0.2 kcal/mol™!. The data was
not considered sufficiently accurate to extract separate
enthalpic and entropic contributions to the free energy of
activation,® but the absence of any discernible trend in
AG* between 20 and 100 °C suggests that AS* is small in
accord with intramolecular rearrangement.

The two dithiocarbamate methyl signals of Mo-
(EtC,Et),(S;,CNMey), also undergo exchange, but the
coalescence temperature of 83 °C coupled with the chem-

(34) Faller, J. W. Adv. Organomet. Chem. 1977, 16, 211.
(35) Anet, F. A.; Bourn, A. J. R. J. Am. Chem. Soc. 1967, 89, 760.
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ical shift difference in the low-temperature spectra implies
an activation energy of 18.5 kcal mol™. This barrier is
substantially greater than that calculated for alkyne ro-
tation and must be due to an independent dynamic process
in any case since even with rapid alkyne rotation the two
types of dithiocarbamate alkyl groups retain their envi-
ronmental integrity. The most likely mechanism for ex-
change of the alkyl groups on the chelating ligands is ro-
tation around the C-N bond. Alternatively one could
envision dechelation of one of the bidentate sulfur ligands
to form a five-coordinate intermediate which could rear-
range prior to recoordination. Such a process would
equilibrate both ends of the alkyne ligands as well as the
methyls of the chelating ligands as was observed for WO-
(RC=CR)(dtc), where the dtc alkyl groups and the alkyne
terminals underwent exchange with the same activation
energy.'° For the bis(alkyne) complexes the onset of a
lower energy process involving rotation of the alkyne lig-
ands prior to exchange of the chelate methyl groups is clear
evidence for static dithiocarbamates. The observed AG*
for exchange of the methyl groups of Mo-
(EtC,Et,)(S,CNEt,), is comparable to activation barriers
reported for rotation around the C-N bond in other metal
dithiocarbamate complexes.36

Molecular Orbital Description. Factors influencing
the reactivity of group 6 16-electron d* complexes have
been probed experimentally and theoretically®” during the
past several years as this class of unsaturated complexes
has become more populous. The 16-electron species [(-
CsH;)M(CO),]**8 and (w-CsHs)M(CO),R* have been
generated and display the extreme electrophilicity nor-
mally anticipated for species that are formally electron
deficient. Concurrently compounds such as M(CO)L-
(So,CNRy), with L = CO* and RC=CR,” Mo(CO),(OR),-
(py)2,*! Mo(CO),LyX,,% and Mo(SR),(CNR),* have been
isolated that show varying, but generally surprisingly
modest, degrees of electrophilic reactivity. The properties
and reactivity patterns of these complexes have been ra-
tionalized as reflecting the capability of the ligand com-
plement to destabilize the dr LUMO by 7 donation from
ligand-to-metal.}740

Qualitative molecular orbital considerations suggest a
pseudooctahedral d* cis-ML,(RC=CR), complex would
prefer a coparallel alkyne arrangement and extended
Hiickel calculations support this hypothesis. The struc-
tures of Mo(PhC=CPh),(S,CNEt,),? and related d* com-
plexes including (7-C5;H;)Nb(PhC=CPh),(C0)!" and (-

(36) (a) Davis, R.; Hill, M. N. S.; Holloway, C. E.; Johnson, B. F. G.;
Al-Obaidi, K. H. J. Chem. Soc. A 1971, 994. (b) Johnson, B. F. G;
Al-Obaidi, K. H.; McCleverty, J. A. Ibid. 1969, 1668. (c) Dean, W. K. J.
Organomet. Chem. 1977, 135, 195. (d) Hunt, M. M,; Kita, W. G.; Mann,
B. E; McCleverty, J. A. J. Chem. Soc., Dalton Trans. 1978, 467. (e)
Edgar, B. L;; Duffy, D. J.; Palazzotto, M. C.; Pignolet, L. H. J. Am. Chem.
Soc. 1973, 95, 1125. (f) Duffy, D. J.; Pignolet, L. H. Inorg. Chem. 1974,
13, 2045. (g) Pignolet, L. H. Top. Curr. Chem. 1975, 56, 91. (h) Faclder,
J.P., dr.; Lin, L. J. B.; Andrews, J. Inorg. Chem. 1977, 16, 450. (i) Bhat,
A. N.; Fay, R. C.; Lewis, D. F.; Lindmark, A. F.; Strauss, S. H. Ibid. 1974,
13,886. (j) Bruder, A. H.; Fay, R. C.; Lewis, D. F.; Sayler, A. A. J. Chem.
Soc. 1976, 98, 6932. (k) Bishop, E. O.; Butler, G.; Chatt, J.; Dilworth, J.
R.; Leigh, G. J.; Orchard, D.; Bishop, M. W. .J. Chem. Soc., Dalton Trans.
1978, 1654.

(37) Kubacek, P.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4320.

(38) Beck, W.; Schloter, K. Z. Naturforsch., B: Anorg. Chem., Org.
Chem. 1978, 33B, 1214.

(39) Kazlauskas, R. J.; Wrighton, M. S. J. Am. Chem. Soc. 1980, 102,
1727.

(40) Templeton, J. L.; Ward, B. C. J. Am. Chem. Soc. 1980, 102, 6568.

(41) Chisholm, M. H.; Huffman, J. C.; Kelly, R. L. J. Am. Chem. Soc.
1979, 101, 7615.

(42) Drew, M. G. B.; Tomkins, I. B.; Colton, R. Aust. J. Chem. 1980,
23, 2517.

(43) Kamata, M.; Hirotsu, K.; Higuchi, T.; Tatsumi, K.; Hoffmann, R.;
Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1981, 103, 5772.
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Figure 5. A qualitative interaction diagram for pseudooctahedral
d* bis(alkyne) complexes of the type cis-M(HC=CH),L,.

C;H;) WCI(CF;C=CCF,),'° confirm this geometrical
prediction.

The local Cy, symmetry of the M(RC=CR), moiety is
reduced to C, or C, upon incorporation into M(RC=
CR)4(dtc)s or (r-CsH;)M(RC=CR),X complexes, respec-
tively. The salient symmetry separation between the two
combinations of alkyne 7, donor orbitals present in the
C,, case is in essence retained in both of the lower sym-
metry groups. Briefly the octahedral parentage of the
complex produces three metal d= orbitals of symmetry a,,
ay, and b; in the coordinate system shown for C,, sym-
metry.*

A et _CH ¥
G Twd =

The alkyne-filled 7, orbitals and vacant = * orbitals are
capable of T interactions with the d= orbitals, and ap-
propriate combinations reveal that the two vacant =*
orbitals generate a, and b, combinations which find and
stabilize bonding mates among the three d= orbitals (see
Figure 5). The two 7, alkyne orbitals produce a; and b,
combinations. Since only the a; combination finds a match
among the three dr levels, the b, combination is non-
bonding relative to the metal-ligand framework and a
three-center, four-electron description is appropriate to
describe the 27, plus 1d, portion of the orbital diagram
which results. The orbital energy ordering which results
from EHMO calculations corresponds to this picture with
the d* metal configuration populating the d,, and d,, metal
dominated orbitals which are bonding as a result of alkyne
x,* mixing. The LUMO then lies 1.62 eV above the
HOMO and consists of the antibonding metal d,? + alkyne
m, molecular orbital while the a; =, bonding combination
lies below the b, nonbonding =, MO. Since the two alkyne
ligands donate four electrons from filled m; orbitals and
two from the 7, a, orbital, this can be loosely described
as three-electron donation from each acetylene. The
difficulties inherent in such a scheme outweigh the chem-
ical insight which such terminology provides in most in-
stances. The simple electron counting procedure leading
to a total of 16 metal valence electrons with recognition
of the important role ligand = donation can play in influ-

(44) Note that the nest of three dr orbitals consists of d,2, d,,, and d,
for this coordinate system where z is aligned with the C,, symmetry axis.
The principal o interactions with d orbitals involve d,, an d.2 2.
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encing chemistry of these complexes seems to be the most
informative and internally consistent method of categor-
izing these and related compounds.

The previous EHMO description of M(HC=CH),(dtc),'
utilized a M—C(alkyne) distance of 2.03 A and resulted
in a calculated barrier to rotation of 40.3 kecal mol™. The
discrepancy between experimental (AG* of 15.3 keal mol™)
and calculated energy barriers for Mo(EtC,Et),(S;CNMe,),
was much larger than we had found in M(CO)(HC=
CH)(dtc), and M(O)(HC=CH)(dtc), studies. Although
2.03 A was the M—C distance reported for W(CO)(HC=
CH)(detc),,? structural data for (x-C;Hz)Nb(CO)(PhC=
CPh),'" and (x-C;H;) WCI(CF;C=CCF,),'® suggested that
a distance of 2.17 A would be more likely to characterize
the bis(alkyne) derivative. The results of such a calculation
produced a barrier of 13.2 kcal mol™! for rotation of one

alkyne, much nearer the observed value. The variation in
calculated barrier as a function of the M—C distance (~2.0
keal mol™/0.01 A) is consistent with a strong dependence
of the metal-alkyne w-acceptor and w-donor orbital con-
tributions on nuclear separation.
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Mono- and bis(arene)tricarbonylchromium complexes of (CH3),E(CgH;),[Cr(CO);),, where E = C, Si,
Ge, Sn, and Pb, and (CH,),Sn(CH,C¢H;),[Cr(CO);], and (CHy),Sn(CeH;CH;3-p),[Cr(CO);],, where x = 1
(mono) and 2 (bis), are prepared from Cr(CO)¢ in diglyme-tetrahydrofuran (THF) solutions or from
Cr(CO);3(NHj); in refluxing dioxane. Extraction of the mixture of mono and bis complexes with hot hexane
or petroleum ether gives the mono complexes, and subsequent recrystallization of the residue from hot
benzene gives the bis, Alternatively, the bis complex can be obtained directly from column chromatography
on silica gel after sublimation to remove the mono complex. Proton NMR data are recorded for all 15
fourth group homologues, including the tin-119 and lead-207 coupling constants |2J(***Sn-C-'H)| and
{%J(®*"Pb—C-1H)|, respectively, which for the tin derivatives are consistent with monomeric species in solution
containing four-coordinated tin atoms. Tin-119m Méssbauer isomer shift (IS) and quadrupole splitting
(QS) values also reflect tin(IV) atoms in a four-coordinated environment. Infrared and Raman data are
used to assign »[E(CHj3),] modes in the E = C, Si, Ge, Sn, and Pb ligands and the mono and bis complexes.
Intramolecular contact between the oxygen atoms of the tricarbonylchromium moiety and the element-
methyl groups is offered as an explanation for the decrease in the intensity of the infrared vy, (E-CH,)
absorption and the increase in the intensity of the corresponding Raman absorption on successive tri-

carbonylchromium substitution.

A decade ago we synthesized a series of tricarbonylmetal
complexes of tin-substituted arene ligands of the general
formulas (CHy),Sn(CgHj),_,[M(CO);],, where n = 2 or 3
and M = Cr or Mo, [(CHj)3Sn],CeH,[Cr(CO),],, and
(CH;)3SnCH,C¢H;[Cr(CO)4],, where x = 2 (bis) or 1
(mono), and studied the products by NMR, infrared, la-
ser-Raman, tin-119m Moéssbauer, and mass spectroscopies.
Maossbauer spectra showed no quadrupole splitting (QS)
in any of the free ligands, but small splittings in the com-
plexes which we attributed to enhanced electric field
gradients in the tin—phenyl bonds. NMR spectra showed
a displacement of chemical shifts of ca. 2 ppm of the
aromatic protons in the expected direction on complex
formation and only very small differences (1.3-3.7 Hz) in
the |2J(119Sn—C-'H)| from the free ligands, consistent with
four-coordination at tin in solution where all the complexes
are monomeric. Mass spectra indicated that the complexes

are monomeric in the gas phase as well. No drastic fre-
quency shifts occurred in the »(Sn~C) modes on complex
formation.?

The spectral properties of the bis(tricarbonylchromium)
complex (CHj),Sn[C¢H;Cr(CO);], were remarkable, how-
ever. This material exhibited the most intense m/e 171
(SnCr™) peak in the mass spectrum, the largest increase
in |%J(11%Sn—C-'H)| on complexation and the largest value
in absolute magnitude as well, and the largest Méssbauer
QS value. Most striking, however, were the vibrational
spectra in the »(Sn—C) region. In the infrared spectrum
a discrete vy,(Sn~C) could not be distinguished from the
Vagym(Sn—-C) band, and in the Raman only a strong, po-

(1) (a) Bucknell University. (b) University of Oklahoma.
(2) Poeth, T. P.; Harrison, P. G.; Long, T. V., II; Willeford, B. R.;
Zuckerman, J. J. Inorg. Chem. 1971, 10, 522.
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CH)(detc),,? structural data for (x-C;Hz)Nb(CO)(PhC=
CPh),'" and (x-C;H;) WCI(CF;C=CCF,),'® suggested that
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produced a barrier of 13.2 kcal mol™! for rotation of one

alkyne, much nearer the observed value. The variation in
calculated barrier as a function of the M—C distance (~2.0
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Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for support of this research.

Registry No. 1a, 80664-77-3; 1b, 18947-43-8; 2a, 81476-35-9; 2b,
81476-36-0; 3a, 81476-37-1; 3b, 74456-80-7; 4b, 81476-38-2; 5a,
81476-39-3; 5b, 81476-40-6; 6a, 81496-89-1; 6b, 81476-41-7; 7a,
74469-87-7; Th, 56954-15-5; 8a, 81476-42-8; 8b, 81476-43-9; 9a,
81476-44-0; 9b, 81476-45-1; 10b, 81476-46-2; 11a, 81476-47-3; 12a,
81476-48-4; 13a, 81476-49-5; Mo(S;CNEty),(HC,Ph)(CO), 56954-17-T,
Mo(S;CNMe,),(HC,Ph)(CO), 74456-79-4; Mo(S,CNMe,);-
(PhC,Ph)(CO), 81476-50-8.

Tricarbonylchromium Complexes of (CH;),EAr, Ligands (E = C,
Si, Ge, Sn, and Pb; Ar = CgH;, CH,C¢H;, and p-C4H,CH,)

S. B. Nagelberg, C. E. Reinhold, and B. R. Willeford* @
Department of Chemistry, Bucknell University, Lewisburg, Pennsylvania 17837
M. P. Bigwood, K. C. Molloy, and J. J. Zuckerman* '
Department of Chemistry, University of Oklahoma, Norman, Oklahoma 73019
Received December 21, 1981

Mono- and bis(arene)tricarbonylchromium complexes of (CH3),E(CgH;),[Cr(CO);),, where E = C, Si,
Ge, Sn, and Pb, and (CH,),Sn(CH,C¢H;),[Cr(CO);], and (CHy),Sn(CeH;CH;3-p),[Cr(CO);],, where x = 1
(mono) and 2 (bis), are prepared from Cr(CO)¢ in diglyme-tetrahydrofuran (THF) solutions or from
Cr(CO);3(NHj); in refluxing dioxane. Extraction of the mixture of mono and bis complexes with hot hexane
or petroleum ether gives the mono complexes, and subsequent recrystallization of the residue from hot
benzene gives the bis, Alternatively, the bis complex can be obtained directly from column chromatography
on silica gel after sublimation to remove the mono complex. Proton NMR data are recorded for all 15
fourth group homologues, including the tin-119 and lead-207 coupling constants |2J(***Sn-C-'H)| and
{%J(®*"Pb—C-1H)|, respectively, which for the tin derivatives are consistent with monomeric species in solution
containing four-coordinated tin atoms. Tin-119m Méssbauer isomer shift (IS) and quadrupole splitting
(QS) values also reflect tin(IV) atoms in a four-coordinated environment. Infrared and Raman data are
used to assign »[E(CHj3),] modes in the E = C, Si, Ge, Sn, and Pb ligands and the mono and bis complexes.
Intramolecular contact between the oxygen atoms of the tricarbonylchromium moiety and the element-
methyl groups is offered as an explanation for the decrease in the intensity of the infrared vy, (E-CH,)
absorption and the increase in the intensity of the corresponding Raman absorption on successive tri-

carbonylchromium substitution.

A decade ago we synthesized a series of tricarbonylmetal
complexes of tin-substituted arene ligands of the general
formulas (CHy),Sn(CgHj),_,[M(CO);],, where n = 2 or 3
and M = Cr or Mo, [(CHj)3Sn],CeH,[Cr(CO),],, and
(CH;)3SnCH,C¢H;[Cr(CO)4],, where x = 2 (bis) or 1
(mono), and studied the products by NMR, infrared, la-
ser-Raman, tin-119m Moéssbauer, and mass spectroscopies.
Maossbauer spectra showed no quadrupole splitting (QS)
in any of the free ligands, but small splittings in the com-
plexes which we attributed to enhanced electric field
gradients in the tin—phenyl bonds. NMR spectra showed
a displacement of chemical shifts of ca. 2 ppm of the
aromatic protons in the expected direction on complex
formation and only very small differences (1.3-3.7 Hz) in
the |2J(119Sn—C-'H)| from the free ligands, consistent with
four-coordination at tin in solution where all the complexes
are monomeric. Mass spectra indicated that the complexes

are monomeric in the gas phase as well. No drastic fre-
quency shifts occurred in the »(Sn~C) modes on complex
formation.?

The spectral properties of the bis(tricarbonylchromium)
complex (CHj),Sn[C¢H;Cr(CO);], were remarkable, how-
ever. This material exhibited the most intense m/e 171
(SnCr™) peak in the mass spectrum, the largest increase
in |%J(11%Sn—C-'H)| on complexation and the largest value
in absolute magnitude as well, and the largest Méssbauer
QS value. Most striking, however, were the vibrational
spectra in the »(Sn—C) region. In the infrared spectrum
a discrete vy,(Sn~C) could not be distinguished from the
Vagym(Sn—-C) band, and in the Raman only a strong, po-

(1) (a) Bucknell University. (b) University of Oklahoma.
(2) Poeth, T. P.; Harrison, P. G.; Long, T. V., II; Willeford, B. R.;
Zuckerman, J. J. Inorg. Chem. 1971, 10, 522.

0276-7333/82/2301-0851801.25/0 © 1982 American Chemical Society
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larized mode was recorded at 530 cm™. The free ligands
and other complexes exhibited the expected Strong vegym-
(Sn—~C) absorptions at 536-525 cm™ with a weaker sym-
metric stretch 16-20 cm™ lower in frequency. In Raman,
strong, polarized v,,,,(Sn—C) absorptions were recorded at
521-522 cm™! with weak, depolarized shoulders at 536534
cm™ for the asymmetric stretch. One explanation for the
anomalous result for the bis(tricarbonylchromium) com-
plex of dimethyldiphenyltin is a distortion of the SnC,
skeleton arising from the steric requirements of the two
bulky transition-metal groups to approach a trans-planar
structure at tin which must persist in solution since the
vibrational spectra are identical in that phase.?

But, as we pointed out at the time, assignments in the
550-500-cm™ range are complicated because Cr-CO
bending modes may also occur there, and some combina-
tion of the presence of these and purely electronic effects
without substantial structural modification may give rise
to the patterns observed in the infrared and Raman spectra
without recourse to an explanation based upon the oper-
ation of centrosymmetric selection rules.? Indeed, the
tin-119 NMR chemical shift of the bis complex is not
different from the others in which the tin resonance shifts
downfield by ca. 30 ppm per Cr(CO); group complexed to
a directly bonded phenyl but only by 4 ppm when the
phenyl is insulated from tin by a methylene.?

We set out to determine the origin of the curious effect
observed in the vibrational spectrum of (CHj),Sn[(Cg-
H;)Cr(CO);], in two ways. Growing a suitable single
crystal proved to be extremely difficult because of twin-
ning, but the structure of this complex has now been solved
from a crystal in which there is some disorder. The bond
the tin atom makes with its methyl groups is only 6° op-
ened from the tetrahedral, and thus structural distortion
cannot lie at the root of the absence of ,,,(Sn—CHj;) in
the infrared and the degeneracy of the vy, and vy, (Sn-
CH;) modes in the Raman.*

(8) Harrison, P. G.; Ulrich, S. E.; Zuckerman, J. J. J. Am. Chem. Soc.
1971, 93, 5398.

3 C Y(CO) 3

The second approach is through the synthesis of addi-
tional examples of the title species; in this paper, we report
the synthesis and spectroscopic properties of a homologous
series of tricarbonylchromium complexes of arene ligands
containing fourth group elements from carbon to lead.
These species are depicted below. The interesting elec-
tron-impact and chemical ionization properties of this
series of compounds have already been reported® (Chart
D.

Experimental Section

Compounds. The complexes were synthesized from Cr(CO)®
in diglyme-tetrahydrofuran (THF) solutions or from Cr(CO)s-
(NH;)5” in refluxing dioxane, using reagent grade materials and
with great care to prevent contact with air or moisture. All work
with solutions of the complexes was carried out under an atmo-
sphere of prepurified nitrogen. Solvents were saturated with N.
Dioxane was passed through an alumina column, then refluxed
over LiAlH,, and distilled under N,. Melting points were mea-
sured in sealed evacuated tubes and are uncorrected. All new
compounds gave satisfactory elemental analyses as shown in Table
1. Microanalytical data were determined by MHW Laboratories,
Phoenix, AZ, and at the Microanalytical Laboratory, Department
of Chemistry, University of Massachusetts, Amherst, MA.

The general preparation method using Cr(CO)3(NHjy); (the
amount is specified in each case mentioned below) involved re-
fluxing this reagent with the ligand in dioxane (25 mL). The
mixture was cooled and filtered and the residue washed with
benzene. The solvents were removed under vacuum, leaving a
yellow oil which solidified on trituration with hexane or petroleum
ether (30-60 °C) and cooling in an ice bath. This crude product,
a mixture of mono and bis complexes, was then extracted with

(4) Schubert, U.; Willeford, B. R.; Zuckerman, J. J. J. Organomet.
Chem. 1981, 215, 3617.

(5) VandenHeuvel, W. J. A.; Walker, R. A.; Nagelberg, S. B.; Willeford,
B. R. J. Organomet. Chem. 1980, 190, 73. The current publication is cited
as (11) herein.

(8) Fischer, E. O.; Ofele, K.; Essler, H.; Frohlich, W.; Mortensen, J. P.;
Semmlinger, W. Chem. Ber. 1958 91, 2763. Nlcholls B Whiting, M. C.
J. Chem. Soc. 1959, 551. Willeford, B. R.; Fischer, E. O. J. Organomet.
Chem. 1965, 4, 109.

(7) Rausch, M. D.; Moser, G. A.; Zaiko, E. J.; Lipman, A. L. J. Orga-
nomet. Chem. 1970, 23, 185; Moser, G. A.; Rausch, M. D. Synth. Inorg.
Met.-Org. Chem. 1974, 4, 37.
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Table I. Physical Properties and Analytical Data for the Tricarbonylchromium Complexes

anal.
calculated found

compd mp, °C formula C H Cr (0] C H Cr (0]
C,H,C(CH,),C,H,Cr(CO), 70-72  C,H,Cro, 65.06 4.85 15.65 14.44 6532 4.76 15.60 14.40
(CH,),C[C,H,Cr(CO),], 143-149 C, H,.Cr,0, 53.86 3.44 22.20 20.50 54.50 3.35 22.40 20.45
C.H.Si(CH,),C,H,Cr(CO), 63-65 C,H,.CrO,Si  58.61 4.63 14.92 13.78 58.57 4.42 14.90 13.75
(CH,),Si[C,H,Cr(CO),], 106-108 C,H,.Cr,0,8i 49.58 3.34 21.47 49.54 3.52 21.4
C,H,Ge(CH,),C,H,Cr(CO), 54-56  C,.H,.CrGeO, 51.96 4.11 13.23 51.70 4.03 12.8
(CH.),Ge[C,H,Cr(CO),], 115-116 C, H,.Cr,GeO, 45.41 3.06 19.66 4518 3.28 18.7
C,H.Pb(CH,),C, H,Cr(CO), 79-82.5 C,.H,.CrO,Pb® 38.70 3.06 38.63 3.27
(CH,),Pb[C,H,Cr(€CO),], 69-73  C,H,.CrO,Pbb 36.20 244 15.67 36.02 2.60 15.46
C,H.CH,Sn(CH,),CH,C,H,Cr(CO), 84-85 C,H,CrO,Sn  48.85 4.32 11.13 48.63 4.45 11.4
(CH,),Sn[CH,C,H,Cr(CO),1, 189-191 C,.H,Cr,0.Sn 43.81 3.35 17.24 43.61 3.36 17.1
p-CH,C,H,Sn(CH,),C,H,CH,Cr(CO), 81-84 C, H,CrO,Sn  48.85 4.32 11.13 48.63 4.32 11.2
(CH,),Sn[C,H,CH, p-Cr(CO),1, 151-153 C,H,Cr,0,Sn 43.81 3.35 17.24 43.66 3.21 16.8

@ Pb: caled, 39.28; found, 39.09. ® Pb: caled, 31.22; found, 31.06.

hot hexane or petroleum ether (60-110 °C) and filtered. Cooling
the filtrate in an ice bath usually resulted in a precipitate of pure
mono complex. The residue from the extraction with hot solvent
was dissolved in hot benzene, CHCl; or CCl,, filtered, hexane or
petroleum ether (3060 °C) added to the filtrate, and the filtrate
cooled in an ice bath. This usually produced the pure bis complex.
Significant variations in this procedure are mentioned explicitly
in individual cases.

(2,2-Diphenylpropane)tricarbonylchromium(0). Tri-
amminetricarbonylchromium (2.44 g, 13.1 mmol) and 2,2-di-
phenylpropane (Aldrich Chemical Co., 1.24 g, 6.31 mmol) were
heated under reflux for 7.25 h in a very slow stream of N,. The
residue contained decomposition products and some white crystals
(124 mg) which were isolated and identified as Cr(CO)s. The
yellow oil formed after removal of solvents was dissolved in THF
(ca. 5 mL) and added to a silica gel column (28 X 2 cm) packed
in hexane. Elution with hexane followed by benzene produced
a single, broad yellow band which was collected, and the solvents
were removed under vacuum. Trituration with petroleum ether
(bp 3060 °C) followed by removal of the petroleum ether under
vacuum produced 1.46 g of crude product, from which was isolated
0.77 g (37% yield) of the mono complex: mol wt 332 (mass
spectrum); mp 70-72 °C; IR (Nujol mull) 1955 (s), 1885 (s), 1855
(s), 1405 (m), 1309 (w), 1248 (w), 1205 (w), 1150 (m), 1081 (w),
1056 (w), 1030 (m), 1014 (w), 811 (m), 791 (w), 761 (s), 720 (w),
700 (s), 659 (s), 629 (s), 614 (m), 562 (w), 540 (m), 529 (s), 478
(m) (im'l; UV maxima (CgHj;,) 318 (¢ 1.02 X 10%), 262 nm (¢ 1.02
x 10%).

(2,2-Diphenylpropane)bis{tricarbonylchromium(0)].
Treatment as described above yielded 0.27 g (9.0% yield) of pure
bis complex: mol wt 468 (mass spectrum); mp 143-149 °C dec;
IR (Nujol mull) 1960 (s), 1880 (s), 1855 (s), 1405 (w), 1309 (w),
1234 (w), 1212 (w), 1154 (m), 1078 (w), 1049 (w), 1010 (w), 877
(w), 814 (m), 808 (m), 781 (w), 718 (w), 655 (s), 630 (s), 622 (s),
573 (w), 533 (s), 527 (s), 476 (m) cm™.

The above two complexes were also prepared in somewhat
smaller yields by heating Cr(CO), and the ligand in diglyme-THF
at 140-150 °C for 10 h, followed by filtration, chromatography
on alumina with petroleum ether (3060 °C), evaporation of the
solvent, and trituration of the residue with hexane. The mixture
of mono and bis complexes was filtered and dried. Sublimation
at 0.05 torr and 105 °C produced pure mono complex (10% yield).
The residue was dissolved in benzene and chromatographed on
alumina with benzene as the eluent. Evaporation of the solvent
under vacuum left pure bis complex (9% yield).

(Dimethyldiphenylsilane)tricarbonylchromium(0). Di-
methyldiphenylsaline was prepared in 34% yield by the reaction
of phenylmagnesium bromide with phenyldimethylchlorosilane
(K and K Laboratories) and in 88% yield by the reaction of
methylmagnesium chloride with diphenyldichlorosilane (PCR,
Inc.); bp 165-166 °C (18 torr), 84-88 °C (0.25 torr) [lit.® bp 177
°C (45 torr), 156-157 °C (15 torr)]. The infrared spectrum was
identical to that in the literature.?

(8) Kipping, F. S. J. Chem. Soc. 1927, 104.

Dimethyldiphenylsilane (2.15 g, 10.1 mmol) and Cr(CO)3(NH,),
(2.56 g, 13.7 mmol) were refluxed for 6.5 h to give 2.20 g of the
crude product or 1.49 g of purified mono complex (42% yield):
mol wt 348 (mass spectrum); mp 63—65 °C; IR (Nujol mull) 1950
(s), 1910 (s), 1865 (), 1425 (w), 1292 (m), 1254 (m), 1167 (w), 1112
(s), 1101 (s), 1018 (w), 998 (w), 990 (m), 914 (w), 839 (s), 817 (s),
780 (s), 733 (s), 707 (m), 694 (m), 653 (s), 645 (w, sh), 632 (s), 617
(8), 534 (s), 469 (3) cm™L,

(Dimethyldiphenylsilane)bis[tricarbonylchromium(0)].
Treatment of the crude product in the usual manner produced
0.23 g of yellow crystals (5.0% yield): mol wt 484 (mass spectrum);
mp 106-108 °C; IR (Nujol mull) 1960 (s), 1870 (s}, 1290 (m), 1265
(m), 1255 (m), 1163 (w), 1155 (m), 1105 (s), 1017 (m), 990 (m),
973 (w), 942 (w), 883 (w), 841 (s), 814 (s), 783 (s), 720 (w), 705
(w), 658 (s), 623 (8), 615 (s), 532 (s), 472 (s) cm™™.

An alternate procedure yielded the bis complex almost exclu-
sively. Hexacarbonylchromium (9.10 g, 41.4 mmol) and (C-
H,),(CeH5),Si (3.00 g, 14.2 mmol) were heated in diglyme (10 mL)
and THF (5 mL) at 150 °C for 61 h. The reaction mixture was
cooled and passed through a silica gel column (10 X 2 cm) by using
benzene as eluent. Solvents were removed under vacuum to a
total volume of 15 mL; addition of hexane (20 mL) caused im-
mediate appearance of crystals. Filtration, washing with hexane,
and drying under vacuum gave yellow crystals (4.81 g); vacuum
sublimation at 0.01 torr and 90 °C for 96 h removed a very small
amount of the mono complex. The residue was chromatographed
on a silica gel column with benzene, the eluate concentrated under
vacuum, and hexane added. The crystals which separated were
filtered, washed with hexane, and dried under vacuum (weight
3.03 g, 44% yield). 'H NMR and mass spectra revealed the
presence of a small amount of an unknown impurity of mol wt
558 characterized by a methyl proton resonance signal at § 0.44.
Solution in hot CHCl,, filtration, addition of petroleum ether
(30-60 °C) to the filtrate, and cooling in an ice bath produced
crystals of the pure bis complex which were separated by filtration
(65% recovery); the 'H NMR spectrum of the filtrate showed the
absence of the unknown contaminant.

(Dimethyldiphenylgermane)tricarbonylchromium(0).
Dimethyldiphenylgermane was prepared in 90% yield by reac-
tion!® of methylmagnesium chloride with diphenyldichlorogermane
(Ventron Corp., Alfa Products): bp 90-100 °C (0.22 torr) lit.1%!!
bp 145 °C (10 torr), 125-126 °C (3 torr),’2 IR bands (neat liquid)
3060 (s), 3040 (s), 3015 (s), 2985 (s), 2970 (s), 2900 (s), 1950 (m),
1870 {m), 1815 (m), 1575 (m), 1485 (m), 1425 (s), 1325 (m), 1265
(m), 1240 (m), 1092 (s), 1027 (m), 998 (m), 826 (m), 800 (s), 726
(s), 695 (s), 669 (m), 600 (s), 578 (s), 455 (s) cm™.

Dimethyldiphenylgermane (2.26 g, 8.82 mmol) and Cr{(CO);-
(NHjy); (8.29 g, 17.6 mmol) were refluxed for 6 h. Workup of the

(9) “Standard Infrared Spectra”; Sadtler Research Laboratories, Inc.;
Philadelphia, PA, 1962; Spectrum No. 1612.

(10) Leites, L. A.; Egorov, Yu. P.; Zueva, G. Ya.; Ponomarenko, V. A.
Izv. Akad. Nauk SSSR, Ser. Khim. 1961, 2132.

(11) Leites, L. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1963, 1525.

(12) Kumada, M.; Sakamoto, S.; Ishikawa, M. J. Organomet. Chem.
1969, 17, 235.
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reaction mixture gave 2.76 g of crude product from which 1.18
g of the pure mono complex (34% yield) was isolated: mol wt
394 (mass spectrum based on ™Ge); mp 54-56 °C; IR (Nujol mull)
1980 (s), 1915 (s), 1870 (s), 1296 (w), 1241 (w), 1161 (w), 1095 (m),
1085 (m), 1018 (w), 989 (w), 910 (w), 838 (m), 806 (s), 752 (w),
730 (s), 695 (m), 666 (m), 655 (s), 632 (s), 616 (s), 608 (ms), 585
(m), 535 (s), 477 (m), 438 (m) cm™.
(Dimethyldiphenylgermane)bis[tricarbonylchromium(0)].
Treatment of the crude product as previously described gave the
bis complex (0.87 g, 18% yield): mol wt 530 (mass spectrum based
on ™“Ge); mp 115-116 °C; IR (Nujol mull) 1970 (s), 1950 (s), 1900
(s), 1875 (s), 1295 (m), 1257 (m), 1247 (m), 1164 (w), 1149 (w),
1079 (m), 1043 (w), 1018 (w), 984 (w), 945 (w), 920 (w), 912 (w),
888 (w), 812 (s), 753 (w), 718 (w), 660 (s), 627 (s), 615 (s), 586 (W),
530 (s), 478 (m) cm™.
(Dimethyldiphenyllead)tricarbonylchromium(0). Di-
methyldiphenyllead was prepared in 73% yield by the reaction
of methylmagnesium chloride with diphenyllead dichloride (ob-
tained from Institute for Organic Chemistry TNO, Utrecht, The
Netherlands): bp 118-120 °C (0.37 torr) [lit.!3 151-152 °C (2
torr)]; prominent IR bands (neat liquid) 3050 (s), 3005 (s), 2975
(s), 2915 (s), 2290 (m), 1940 (m), 1860 (m), 1805 (m), 1620 (m),
1565 (s), 1470 (s), 1425 (s), 1325 (m), 1300 (m), 1260 (m), 1189
(m), 1162 (m), 1155 {(m), 1062 (m), 1018 (m), 997 (m), 753 (m),
720 (s), 695 (s), 490 (m), 479 (m), 470 (s), 435 (s) cm™L.
Dimethyldiphenyllead (3.27 g, 8.38 mmol) and Cr(CO)3(NH;)3
(1.50 g, 8.03 mmol) were heated at reflux for 7 h. The yellow oil
obtained after evaporation of solvents did not solidify on tritu-
ration with hexane or on chromatographing on silica gel and so
was mixed with hexane (20 mL) and saturated with N,, and the
solution was allowed to stand in a refrigerator for 10 days. A
precipitate formed (0.470 g, 11% yield) which was filtered, washed
with hexane, and dried: mol wt 528 (mass spectrum based on
208Pb); mp 79-82.5 °C; IR (Nujol mull) 1970 (s), 1905 (s), 1855
(s), 1291 (w), 1150 (m), 1058 (m), 1042 (w), 1012 (m), 992 (m),
980 (m), 920 {w), 903 (w), 887 (w), 846 (m), 812 (m), 772 (m), 722
(s), 692 (s), 662 (s), 654 (s), 628 (s), 614 (8), 531 (s), 481 (s), 469
(s), 432 (m) cm™.,
This complex was also prepared in 46% yield by a similar
process using a larger excess of Cr(CO);(NHj)s.
(Dimethyldiphenyllead)bis[tricarbonylchromium(0)].
Dimethyldiphenyllead (2.89 g, 7.40 mmol) and Cr(CO)3(NH;)s
(3.22 g, 17.2 mmol) were refluxed for 6.5 h. The usual workup
gave 3.10 g of crude product. This was washed with petroleum
ether (30-60 °C) (150 mL) and then dissolved in hot CHCI; (30
mL), and the solution was filtered. Addition of petroleum ether
(30-60 °C) and cooling in an ice bath gave 1.47 g of the bis complex
(30% yield) which was isolated by filtration, washed, and dried
under vacuum: mol wt 664 (mass spectrum based on 2¥Pb); mp
69-73 °C; IR (Nujol mull) 1965 (s), 1945 (s}, 1860 (s), 1299 (m),
1176 (m), 1158 (m), 1040 (w), 1008 (w), 977 (w), 938 (w), 880 (w),
820 (w), 804 (m), 770 (m), 720 (m), 670 (s), 661 (s), 636 (s), 622
(m), 538 (s), 489 (m), 474 (m), 455 {(m) cm™.
(Dibenzyldimethyltin)tricarbonylchromium(0). Di-
benzyldimethyltin was prepared by the addition of dimethyltin
dichloride (1 mol) in tetrahydrofuran to a solution of benzyl-
magnesium bromide (3 mol) in ether. The mixture was refluxed
for 3 h and then hydrolyzed. The organic layer was separated,
the solvent removed in vacuo, and the residue distilled. The
fraction boiling at 106 °C (15 torr) solidified on cooling: mp 41-44
°C (lit.}> mp 26 °C, bp 132-135 °C (1.0 torr); mp 47 °C!¢); IR
(Nujol mull) 3060 (m), 3050 (m), 3010 (s), 1595 (s), 1480 (m), 1316
(w), 1248 (w), 1210 (s), 1182 (w), 1157 (w), 1100 (m), 1048 (m),
1030 (m), 999 (w), 897 (m), 797 (m), 752 (8), 697 (s), 616 (m), 562
(w), 528 (m), 511 (m), 441 (m) cm™,
Dibenzyldimethyltin (1.72 g, 5.21 mmol) and Cr(CO)3(NHj)s
(1.07 g, 5.73 mmol) were refluxed for 7.5 h. The usual workup
produced 2.27 g crude product from which was isolated 1.03 g

(13) Griittner, G.; Kraus, E. quoted in Leeper, R. W.; Summers, L.;
Gilman, H. Chem. Rev. 1954, 54, 101.
o (14) Calingaert, G.; Beatty, H. A.; Soroos, H. J. Am. Chem. Soc. 1940,

, 1099.

(15) Cattanach, C. J.; Mooney, E. F. Spectrochim. Acta, Part A 1968,
24A, 407.

(16) Moore, C. J.; Kitching, W. J. Organomet. Chem. 1973, 59, 225.
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(42% yield) of the mono complex: mol wt 468 (mass spectrum
based on 2%Sn); mp 84-85 °C; IR (Nujol mull) 3065 (w), 1965 (s),
1860 (s), 1595 (w), 1520 (w), 1415 (w), 1210 (m), 1192 (w), 1152
(m), 1118 (m), 1038 (w), 1000 (m), 974 (w), 907 (w), 890 (w), 876
(w), 820 (m), 797 (w), 761 (w), 719 (w), 685 (m), 662 (s), 629 (s),
566 (m), 533 (s), 518 (m), 476 (m) cm™; UV maximum (C¢H,)
320 nm (e 1.25 X 10%).

(Dibenzyldimethyltin)bis[tricarbonylchromium(0)] was
isolated as described above (0.35 g, 11% yield): mol wt 604 (mass
spectrum based on !®Sn); mp 189-191 °C; IR (Nujol mull) 1950
(s), 1880 (s), 1850 (m), 1210 (m), 1192 (w), 1152 (m), 1117 (m),
1037 (m), 1015 (w), 998 (m), 973 (w), 906 (w), 889 (w), 875 (w),
820 (m), 796 (m), 761 (m), 718 (w), 684 (m), 661 (s), 628 (s), 617
(w), 566 (m), 538 (m), 523 (vw), 475 (m) cm™ UV maximum
(CeH;y) 322 nm (e = 6.61 X 109).

(Dimethyldi-p -tolyltin)tricarbonylchromium(0). Di-
methyldi-p-tolyltin was prepared by a procedure similar to that
described above for dibenzyldimethyltin: bp 105-107 °C (0.05
torr) [lit.}” bp 120-121 °C (0.2 torr), 110-112 °C (<0.1 torr)*¥];
Prominent IR bands (neat liquid) 3055 (m), 3025 (s), 3005 (s),
2975 (m), 2915 (s), 2860 (m), 1900 (m), 1595 (m), 1495 (m), 1450
(m), 1390 (s), 1320 (m), 1265 (m), 1217 (m), 1191 (s), 1116 (m),
1072 (s), 1020 (m), 791 (s), 748 (s), 617 (m), 576 (s), 530 (s}, 516
(s), 477 (s) cm™.

Dimethyldi-p-tolyltin (1.68 g, 5.09 mmol) and Cr(CO)3(NH;);
(1.98 g, 10.6 mmol) were refluxed for 11 h. Treatment of the
reaction mixture in the manner previously described gave 2.44
g of crude product. The mono complex (1.03 g, 43% yield) was
isolated by extraction with hot petroleum ether (30-60 °C). This
product still contained a very small amount of the bis complex,
so the separation procedure was repeated twice with ca. 75%
recovery each time: mol wt 468 (mass spectrum based on %Sn);
mp 81-84 °C; IR (Nujol mull) 1950 (s), 1905 (s), 1880 (s), 1366
(w), 1292 (w), 1213 (w), 1196 (w), 1172 (w), 1071 (m), 1058 (m),
1036 (w), 1018 (w), 989 (w), 960 (w), 886 (w), 846 (m), 790 (s), 752
(m),1664 (s), 634 (s), 628 (s), 578 (m), 532 (vs), 522 (m), 475 (s)
cm™,

(Dimethyldi-p-tolyltin)bis{tricarbonylchromium(0)]. The
residue from the petroleum ether extraction above gave 0.77 g
(25% yield) of the bis complex: mol wt 604 (mass spectrum based
on 28n); mp 151-153 °C; IR (Nujol mull) 1960 (s), 1945 (s), 1900
(s), 1850 (s), 1294 (w), 1211 (w), 1205 (w), 1190 (w), 1173 (w), 1098
(w), 1055 (m), 1035 (m), 955 (w), 890 (w), 847 (m), 790 (w), 767
(m), 720 (w), 665 (s), 637 (m), 628 (8), 576 (m), 535 (s}, 510 (sh,
m), 476 (s) cm™.

Spectra. Mass spectra were recorded on a Finnegan 3200
quadrupole instrument equipped with a 6110 data system.’
UV-vis spectra were obtained on cyclohexane solutions using 1-cm
cells on a Cary 14 spectrometer. NMR spectra were recorded on
Varian A60-A and EM-360 instruments on CDCl; and CCly so-
lutions containing 40-50 mg/mL of sample with tetramethylsilane
(Me,Si) or p-dioxane where Me,Si would interfere (222 and 216
Hz at 60 MHz upfield from Me,Si in CDCl; and CCl,, respectively)
as internal standards. Infrared spectra were recorded on a
Perkin-Elmer 337 instrument for identification purposes and on
Perkin-Elmer 621 and Beckman IR-12 instruments for more
precise work. The samples were run as Nujol mulls. Raman
spectra were recorded on a Cary 81 instrument using a He-Ne
laser, a Cary 83 instrument equipped with an Ar laser, and a
Codberg PH-1 instrument equipped with a Spectra Physics Model
165-01 Kr laser in 0.3-mL cuvettes calibrated by an indene
spectrum. Tin-119m Mossbauer spectra were measured on cam-
drive, constant acceleration?? and Ranger Engineering constant
acceleration instruments equipped with an Nal scintillation
counter using Ca!'*®Sn0,; (New England Nuclear Corp.) as both
source and standard reference material for zero velocity. Velocity
calibration was based upon both §-tin and natural iron foils. Data

(17) Jason, E. F.; Fields, E. K. U.S. Patent 3122576, 1964; Chem.
Abstr. 1964, 60, 23051h.

(18) Kula, M. R.; Amberger, E.; Mayer, K. Chem. Ber. 1965, 98, 634.

(19) Sisido, K.; Miyanishi, T.; Nabika, K.; Kozima, S. J. Organomet.
Chem. 1968, 11, 281.

(20) Barbieri, G.; Taddei, F. J. Chem. Soc., Perkin Trans. 2 1972, 1327.

(21) Davison, A.; Rakita, P. E. J. Organomet. Chem. 1970, 23, 407.

(22) Debye, N. W. G.; Fenton, D. E,; Ulrich, S. E.; Zuckerman, J. J.
J. Organomet. Chem. 1971, 28, 339.
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Table II. ‘H NMR Chemical Shifts of (CH,),E(C,H,), (where E = C, Si, Ge, and Pb) and Their Complexes?

aromatic

uncomplexed complexed methyl
(CH,),C(C H,)," 7.07-7.837 1.70¢
C,H,C (CH,),C.H,Cr(CO), 7.13-7.52 4,96-5.62 1.75
(CH,), C[C H,Cr(CO),1, 5.02-5.68 1.72
(CH,),Si(C H 5)2 7.22-7.73 0.56
CsHs&(CH,)zC H,Cr(CO), 7.24-7.73 4.98-5.70 0.59
(CHs)zsqcﬁ 5&(00)3]2 4.96-5.79 0.61
(CH,),Ge(C,H,), 7.21-7.664 0.64°
C,H.,Ge(CH,),C.H,Cr(CO), 7.17-7.67 5.00-5.61 0.71
(CH,),Ge[C,H, r(CO) 1, 5.07-5.62 0.75
(CH.).Pb(C.H.), ! 7.08-7.74 1.11
C,H.Pb(CH.),C, H,Cr(CO), ¢ 7.15-7.77 5.03-5.55 1.28
(CH, ),Pb[C.H Cr(CO),1, 5.03-5.63 1.42

¢ 5 values in CDCl, vs. a p-dloxane internal standard unless otherwise specxfled Aromatlc signals are multiplets and
methyl signals sharp smglets b Me,Si internal standard. ¢ Reported as § 1.63 in ref 18. ¢ Reported as 6 7.05-7.6 in ref
12 ¢ Reported as § 0,62 inref 18 and as 5 0.63 in ref 12. [ [J(*"Pb~C~'H,)| = 66.5 Hz. £ |J(*"Pb-C-'H,)|= 69.9 Hz.
h {J(*"Pb-C-'H,)| = 74.0 Hz.

Table ITII. 'H NMR Chemical Shifts of the Tin Ligands and Complexes®

aromatic
uncomplexed? complexed® methyl methylene

(CH,),8n(CH,)c¢ 7.51°¢ 0.557
C,H.Sn(CH,),C,H,Cr(CO), 7.39 5.24 0.65
(GH.),Sn[C,H,Cr(CO),1, 5.33 0.45
(CHa),Sn(p-CH306H4)2 7.29¢ 0.47,h 2,345/

7.24°¢ 051"238“'
p-CH,C,H,Sn(CH,),[p-CH,C,H,Cr(CO),]  7.33 5.20 0.57, 2.35, 2.17*%
(CH,),Sn[p-CH,C,H,Cr(CO),], 5.25 0.64, 2.20
(CH,),8n(CH,C,H,), 7.08, 7.02,¢ 7.08! 0.01, 0.01¢-0.07™ 233, 2.32,¢ 2.31!
C,H,CH,Sn(CH,),CH,C,H,Cr(CO), 7.11 5.06 0.07 2.38," 2.01°
(CH,),Sn[CH,C H,Cr(CO),], 5.40° 5.55!  0.13° 0.08! 2,154

@ § values in CDCl, vs. p-dioxane (0.05 mL/mL of CDCl,) as internal standard unless otherwise specified. ? Center of
multiplet. ¢ In CCl, solution. ¢ Reference 2. € Reported as 444 for the ortho and 435 Hz for the meta protons at 60
MHz vs. Me,Si in ref 18. [ Reported as 28.2 Hz vs. Me ,Si at 60 MHz in ref 18. # Reported as 440 for the ortho and 423
for the meta protons at 60 MHz vs. Me Si in ref 18. Reported as—27.0 Hz vs. Me .Siat 60 MHz in ref 18, i Aromatlc
methyl, uncomplexed. ’ Reported as —137.5 Hz vs. Me,Si at 60 MHz in ref 18. Aromatlc methyl, complexed. ! In
Me,SO solution. ™ Reported as 2.2 Hz vs. Me,Si at 60 MHz in ref 19. " Methylene, uncomplexed. © Methylene, com-
plexed. P In CDCl,-Me,SO solution.

were fitted to Lorentzian curves by standard, nonlinear, least-
squares techniques.

Results and Discussion

It is surprisingly rare, even in the intensively worked
organometallic chemistry of the elements of the fourth
main group, to have a completely homologous set of com-
pounds, carbon to lead, available for study. The present
effort includes three such sets, the dimethyldiphenyl-
methane, -silane, -germane, -stannane, and -plumbane
ligands, (CH;),E(C¢H;),, where E = C, Si, Ge, Sn, and Pb,
and their mono- and bis(tricarbonylchromium) complexes,
CsH5(CH3)2ECsHscT(CO)3 and (CH3)2E[C6H5CT(CO)3]2.
The five members of each set are expected to be iso-
structural, with the only changes induced by the larger size
of the central atom, E, and its transformation from the
archtypical covalent carbon through the metalloidal silicon
and germanium to the metallic tin and lead. Properties
capable of being measured for all 15 homologues should
show a smooth gradation in each series down the fourth
periodic group, as well as from the free ligands to the bis
complexes.

These expectations are disappointed in both senses by
the variation in the parameter most easily measured and
most confidently assigned, namely the methyl proton
NMR chemical shift. Examination of these values in Table
II and for the tin analogues in Table III reveals a scatter
in their magnitudes proceeding either from carbon to lead
or from ligand to bis complex. The corresponding shifts
for the tetramethyl derivatives were used by Allred and

Table IV. Methyltin Coupling Constants of the
Ligands and Complexes

|2J(llgsn_c_lH)|,
Hz
(CHa)zsn(CsHs)z 54_41),0
C,H.Sn(CH,),C.H,Cr(C0), 56.1%
(CH,),8n[C H,Cr(CO),], ¢ 58.14
(CHs)zSn(p CH306H4)2 52.3,% 56.1¢
p-CH,C,H Sn(CH,),- 57.59
[p- CH c, H,Cr(C0),]
(CHS)ZSn[p CH,C,H,Cr(C0),], 58.99
(CH,),8n(CH,CH,), 49.0,> 58.4% (CH,)

52.3,4 62.4¢ (CH,)
53. 2@ 64.9¢ (CH,)
C,H,CH,8n(CH,),CH,C,H,Cr(CO), 53.4¢
63.54:7 (CH,)
55.7%:{ (CH,)
54.97 56.4¢
62.2°2 (CH,)

¢ Reference 2. P In CCl, solution. ¢ Reported as 55.4
Hz in ref 18, as558Hzmref19 as 57.3 and 58.5 Hz in
ref 20, and as 56 Hz in ref 21, 4 In CD(l, solution, € In
Me, SO solution. / Uncomplexed. £ Complexed h In
CDCl,—MeZSO solution.

(CH,),8n[CH,C,H,Cr(CO),1,

Rochow to determine the electronegativities of these ele-
ments,? but there is no correlation with our shift values.

Tin-119 NMR coupling constants are more straight-
forward to interpret, and the data in Table IV reveal the

(23) Allred, A. L.; Rochow, E. G. J. Inorg. Nucl. Chem. 1958, 5, 264.
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Table V. Tin-119m Mossbauer Data for the Organotin Ligands and Their Tricarbonylchromium Complexes at 77 K¢

compd IS,> mm s”! QS,  mm ™! r,? mms’!
(CH,),8n(C,H,), 1.27 1.48
C,H,(CH,),SnCH,Cr(CO), 1.744.¢ 0.644-¢
(CH,),Sn[C,H,Cr(CO),1, 1.75%¢€ 0.894./
1.26°% 0.93¢
(CH,),8n(p-CH,C,H,), 1.29 _ 0.73
p-CH,C,H,(CH,),Sn(p-CH,C H, Cr(CO), 1.26 e 1.14
(CH,),Sn[(p-CH,C,H,)Cr(CO),1, 1.26 0.74 0.981
(CH,),Sn(CH,C,H,), 1.39 e 1.23
C,H.CH,(CH,),SnCH,C,H,Cr(CO), 1.38 ce 1.29
(CH,),Sn[CH,C,H.Cr(CO),1, 1.39 0.71 0.85
4 Vs, Ca'*mgn0,. ?:0.083mms™'. ©:0.06 mms~'. ¢ Reference2. ©:0.06 mms'. f:0.12mms™".

Table VI. Infrared and Raman »(E~-CH,) Assignments for E = Si, Ge, Sn, and Pb

vasym(E-CH,)

veym(E-CH,)

compd IR® Raman (depol)? IR® Raman (pol)?
(CH,),C(C,H)), 1156 m 1158 w 1028 s 1030 s
C.H,(CH,),CC,H,Cr(CO), 1150 m ¢ 1080 m ¢
(CH,),C[C,H,Cr(CO),], 1154 m [4 s c
(CH,),Si(C.H,), 774 s d 640 m 641 w
C,H,(CH,),SiC,H,Cr(CO), 780s d 645 w, sh 646 m
(CH,),Si[C,H,Cr(CO),], 783 s ce 649 m
(CH,),Ge(C,H)), 601s 605s 579 s 581 vs®
C.H,(CH,),GeC H,Cr(CO), 608 ms 610 vw 585 m 585 s
(CH,),Ge[C,H,Cr(CO),1, 615s 617 vw 586 w 587 m
(CH,),8n(C,H,),’ 530 s 534 w, sh 517 m 521 vs
C,H,(CH,),SnC H,Cr(CO),/ 534 s, 5367 536 m 522 vs 522 vs
(CH,),Sn[C,H . Cr(CO),], 530 s, 534F 530 s, 531¢
(CH,),Sn(p-CH,C,H,), 530s 534 m 517 s 520 vs
CH,C,H,(CH,),Sn(p-CH,C H,)Cr(CO), 532 vs 537 w 522 m 522 m
(CH,),Sn[(p- H306H4)Cr(CO)3], 535s 540 w, sh 510 sh, m 523 s
545 w, sh* 528 mh
(CH,),Sn(CH,C.H,), 529 ms 528 m 513 m 516 vs
C,H.CH,(CH,),SnCH,C H.Cr(CO), 533 s 533 w 518 m 517 s
(CH,),Sn[CH,C ,H,Cr(CO),], 538 m 536 w 523 vw 520 m
528 wh 514 mh
(CH,),Pb(C,H,), 480 ms c 470 ms ¢
C,H.CH,(CH,),SnCH,C,H,Cr(CO), 490 m 486 vs 479 m 474 s
(CH3)ZPb[CéHscr(CO)3]z 489 m 483 m 474 m 471 Vs

@ In Nujol mulls. ? In methylene chloride solution. ¢ Not recorded. ¢ Obscured by the strong methylene chloride

absorption. ¢ Assigned at 580 em™! to »(Ge-C) in ref 10.
solid.

redistribution of s and p orbital character on complexation
of the phenyl group. Here there is a smooth progression
of increased |2%J(11%Sn-C-'H)| values on attaching one and
then two chromium tricarbonyl ligands to each of the three
tin ligands listed. This reflects a higher s character in the
orbital the tin atom directs at the methyl group and hence,
given a constant total amount of valence electron s and
p character available, more p character in the orbital used
to bind the phenyl ring. Thus the tricarbonylchromium
moiety in these systems is o-electron withdrawing. Further
experimental confirmation is available in the benzyl de-
rivatives where |%/(1*Sn—C-1H)| for the methylene protons
measures the s character in the bond tin directs toward
the phenyl and its pendant tricarbonylchromium group.
Chromium complexation reduces this value. This fact and
the reduced chemical shifts listed in Table III are used to
assign the methylene protons attached to the complexed
phenyl ring in the mono complex where a direct compar-
ison is available within the same molecule. Of the four tin
bonding orbitals, the one with least s character is directed
toward the complexed phenyl. The magnitudes of the
coupling constants are consistent, at least for these tin
derivatives, with four-coordination at the tin atom and
hence with monomeric species in solution.?*

(24) Petrosyan, V. 8. Prog. Nucl. Magn. Reson. Spectrosc. 1977, 11,
15.

f Reference 2. ¢ In chloroform solution.

Microcrystalline

The Moéssbauer data in Table V also speak to the situ-
ation at the tin atom. The isomer shift (IS) values which
are typical for tetraorganotin compounds®? do not change
outside of experimental error on mono or bis complexa-
tion.2” None of the free ligands or mono complexes has
a clearly resolvable quadrupole splitting (QS) and forcing
our fitting program to produce a doublet results, for ex-
ample, in an improbably small (0.64 mm s™!) value for
C¢H;(CH;),SnCzH;Cr(CO);. The doublets for the bis
complexes, on the other hand, are clearly resolvable, if
small. The explanation advanced earlier based upon en-
hanced electric field gradients along the tin-phenyl o
bonds? seems reasonable now and corroborates the NMR
coupling constant changes. Recent electrochemical studies
show that the two (arene)tricarbonylchromium groups in
the bis complex are noninteracting.® The QS value of the
benzyl derivative is not reduced, even though the tin atom
is farther removed from the aryltricarbonylchromium
moiety and insulated from its effect by the methylene
group.

(25) Zuckerman, J. J. Adv. Organomet. Chem. 1970, 9, 21.

(26) Ruddick, J. N, R. Rev. Silicon, Germanium, Tin, Lead Compd.
1978, 2, 115.

(27) On the basis, for the (CHj),Sn(CgHj), series, of data recorded on
the same instrument for the ligand and bis complex and the mono and
bis complex (see Table V).

(28) Rieke, R. D.; Milligan, S. N., Tucker, I; Dowler, K. A.; Willeford,
B. R. J. Organomet. Chem. 1981, 218, C25.
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It was the anomalous infrared »(Sn—~CHj;) pattern in the
tin bis complex, (CHy)oSn[C¢H;Cr(CO)s},, that caused us
to initiate this study in the first place, and we present the
corresponding data for the p-tolyl- and benzyltin ligands
and complexes as well as for the homologous carbon, sil-
icon, germanium, and lead systems in Table VI.

As a rule, as the mass of the metal atom in methyl de-
rivatives of the main group elements increases, the fre-
quency separation of the two expected »(E-C) modes de-
creases. For tetramethylsilane, -germane, -stannane, and
-plumbane the vy, Vgym(E-C), and As’s are as follows: 696,
598, 98; 595, 558, 37; 529, 508, 21; 476, 459, 17 cm™, re-
spectively.? Polarization measurements in the Raman
guide the assignment of these frequencies, since the totally
symmetric (CH;),E »(E-C) mode is polarized while the
asymmetric mode is depolarized.

Assigning the »(C-CHj;) modes for the —C(CHj),-
skeleton has proved notoriously difficult,®® and no detailed
vibrational analysis of the parent ligand 2,2-diphenyl-
propane is available as a guide. While pairs of bands at
1170 £ 5 and 1170-1140, or at 1210 and 1190, or at 1190
and 1175-1165 cm™ are said to be characteristic of the
-C(CHjg),— group, there is disagreement over the origin of
these absorptions®3! with one source assigning them to
»(C-CH,).2 Weak to medium infrared bands are indeed
seen at 1188, 1156, 1146, 1109, 1056, and 1028 cm™ for the
free 2,2-diphenylpropane ligand and at 1206, 1157, 1150,
1111, and 1030 cm™ and at 1214, 1168, 1154, and 1106 cm™
for the mono and bis complexes, respectively. Five of the
six infrared bands of the free ligand are also found in the
Raman at 1190 (w) (depol), 1159 (w) (depol), 1148 (vw)
(depol), 1114 (w) (pol), and 1030 (s) (pol). Of these only
the first two depolarized and last two polarized bands can
arise from vy, and e, (C—CHy), respectively. On the basis
of their separation oﬁ28 cm™! and presence in the ligand
and complexes, we assign the Raman 1158- and 1030-cm™
bands to these modes. The corresponding infrared vyyy,-
(C-CH;) diminishes in intensity on successive tri-
carbonylchromium complexation until it disappears in the
bis complex.

The anomaly of the stepwise reduction in the intensity
of the infrared v,y,,,(Sn—-CHj;) band on mono and bis com-
plexation observed for the dimethyldiphenyltin series is
repeated in the closely related p-tolyl set where this band
is found at 517 (m) and 522 (w) cm™ in the free ligand and
mono complex, respectively. Examination of the bis com-
plex at high resolution reveals only some asymmetry on
the vgem(Sn—CHj) band at 535 (s) cm™ which could arise
from an overlapped feature 10-15 cm™ to lower energy.
In the Raman spectrum the strong, polarized vy, (Sn—CHy)
band at 523 em™ has a very weak, depolarized shoulder
at ca. 540 cm™, presumably the Vasym(Sn—CHj) mode. Only
a very weak shoulder is seen at ca. 545 cm™ on the high
energy side of the v,(Sn—-CH,) band at 528 (m) em™ in
the Raman spectrum of the bright, chrome-yellow, solid
bis complex.

In the isomeric benzyltin derivatives the infrared vg,-
(Sn—CH;) mode at 513 (m) cm™ in the free ligand again
falls in intensity on mono [518 (m) cm™] and bis [523 (w)
cm™!] complexation but is still discernible as a separate

(29) Maslowsky, E., Jr. “Vibrational Spectra of Organometallic
Compounds”; Wiley-Interscience: New York, 1977.

(30) Bellamy, L. J. “Advances in Infrared Group Frequencies”; Me-
thuen: London, 1968.

(31) Avram, M.; Matescu, Gh.D. “Infrared Spectroscopy. Applications
to Organic Chemistry”; transl. Birladeanu, L.; Wiley-Interscience: New
York, 1972.

(32) Socrates, G. “Infrared Characteristic Group Frequencies”; Wiley:
New York, 1980.
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band, even at low resolution. The medium, polarized
vyym(Sn-CH,) band at 520 cm™ in the Raman has a weak
shoulder at ca. 536 cm™ of doubtful polarization, presum-
ably the vy, (Sn~CHj) mode. These features are seen
more clearly in the Raman spectrum of the solid in which
they appear at 528 (w) and 514 (m) cm™. The vy, and
veym(Sn—CHj;) modes are assigned at 530 and 515 cm™,
respectively, in ref 15.

This phenomenon is also observed in the germanium
series where the v, and v,,,(Ge-C) stretching modes
have been assigned at 608 (601) and 587 (580) cm™! in the
infrared (Raman), respectively, for dimethyldiphenyl-
germane.®® The intensity of the v,,,(Ge-CH,) mode is
diminished relative to the vuym(az—CHa) absorption
stepwise on tricarbonylchromium complexation until in
the bis complex the band at 586 cm™ is very weak. The
Vagym{Ge—CH,) bands in the Raman follow a similar pattern
with the depolarized 617-cm™ band in the bis complex
being very weak.

In the lead series a band at ca. 440 cm™ also appears in
the spectra of tetraphenyllead and hexaphenyldilead and
hence is not associated with a methyllead mode. Me-
thyllead—carbon stretches are assigned near 476 cm™,3
With vay, 80d ¥y, (Pb~CH,) at 478 and 459 cm™, respec-
tively, in tetramethyllead,® and at 534 and 523 and 460
and 447 ecm™ in dimethyllead dichloride and dibromide,
respectively.®® However, the chromium-carbon stretching
frequency in variously substituted arene chromium tri-
carbonyl complexes also absorb in this region.®” % The
assignment in the parent ligand is straightforward, but
there is a reversal in expected intensity, the band assigned
t0 vy (Pb—CHp) being more intense than the vy, Careful
examination of the relevant infrared region at high reso-
lution reveals a third band centered at 485 cm™, presum-
ably the »(Cr—CO) mode, which enhances the intensity of
the adjacent v,,,(Pb—CHj) absorption in the infrared, re-
versing its intensity ratio with the v, mode. This third
band could not be resolved in the Raman spectra of the
mono or the bis complex. In the latter the infrared in-
tensity ratios are most skewed, and so it is likely that the
»(Cr-CO) absorption lies more directly under the v,y
(Pb—CH,) absorption at 474 ¢cm™ where it also adds to the
intensity of the Raman band at 471 cm™. Thus because
of this complication, it is impossible to test whether the
Veym(Pb—CHj) mode diminishes in intensity on complexa-
tion as do the corresponding modes in the carbon, ger-
manium, and tin series.

The silicon case is still more complex since the »(Si—-CH,)
stretching frequencies are difficult to distinguish from a
methyl rocking which absorbs in the same region. %242 In
addition, the spectrum of our parent silicon ligand is
particularly rich in bands between 840 and 615 cm™!, the
region of interest. In dimethyldichlorosilane the vy, and

(33) Cullen, W. R.; Deacon, G. B.; Green, J. H. 8. Can. J. Chem. 1966,
44, 7117,

(34) Willemsens, L. C.; van der Kerk, G. J. M. In “Organometallic
Compounds of the Fourth Group Elements”; MacDiarmid, A. G., Ed.;
Marcel Dekker: New York, 1971; Part 1, Vol. 2, p 191.

(35) Lippencott, E. R.; Tobin, M. C. J. Am. Chem. Soc. 1953, 75, 4141.

(36) Clark, R. J. H.; Davies, A. G.; Puddephatt, R. J. J. Am. Chem.
Soc. 1968, 90, 6923.

(37) Brown, D. A,; Raju, J. R. J. Chem. Soc. A 1966, 1617.

(38) Davidson, G.; Riley, E. M. J. Organomet. Chem. 1969, 19, 101.

(39) Adams, D. M.,; Squire, A. J. Chem. Soc. A 1970, 814.

(40) Davidson, G.; Riley, E. M. Spectrochim. Acta, Part A 1971, 27A,
1741.

(41) Hyams, 1. J.; Lippencott, E. R. Spectrochim. Acta Part A 1972,
284, 1741.

(42) Colthup, N. B., Daly, L. H.; Wiberley, S. E. “Introduction to
Infrared and Raman Spectroscopy”, 2nd ed.; Academic Press: New York,
1975.
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veym(Si—~CHj3) modes absorb at 805 and 688 cm’!, respec-
tively,*® and in dimethyldiethynylsilane absorb at 794
(depol) and 701 (pol) cm™, respectively, in the Raman.*
In our series we find polarized Raman bands at 641, 646,
and 649 cm™ in the free ligand and mono and bis com-
plexes, respectively, which we assign to the vy, (Si—-CH,)
mode. These bands increase in intensity on successive
complexation. The corresponding band is found at 640
cm™ in the infrared of dimethyldiphenylsilane and as a
weaker shoulder at 645 cm™ in its mono complex. The bis
complex contains no infrared absorption between 656 and
622 cm™, and 783-cm™ band which we assign t0 vggpm(Si-
CHj,) is likewise absent in the Raman. Thus the intensity
anomaly is observed on successive complexation in the
silicon series as well.

In conclusion, we see that the diminishing of intensity
of the vy, (E-C) mode in the infrared and increasing in
intensity in the Raman on successive mono and bis com-
plexation of the aryl groups by tricarbonylchromium
moieties first observed for the series of dimethyldi-
phenyltin ligand and complexes? is general for the carbon,
silicon, germanium, and perhaps the lead series, as well
as for the closely related pair of isomeric tin ligands, di-
methyldibenzyl- and dimethyldi-p-tolyltin. These changes
are thus observed in four different spectral regions where
the frequency differences between the symmetric and
asymmetric modes, Ay = [yyyp,(E-CHy) — vy, (E-CH,)],
decreases from an average of 128 for E = carbon and 134
for silicon to 25 for germanium to 13 for tin to 10 for lead
[taking infrared results for the (CHg),E(CgH;), ligands
only].

Close examination of the structural data for the bis
complex of dimethyldiphenyltin* provides a possible gen-
eral explanation. While the anomalous spectral properties
of this compound cannot be attributed to distortions of
the normal geometry at the central tin atom, where the
dimethyltin carbon-tin-carbon angle is opened only to
115.5° while the corresponding diphenyltin angle is
somewhat closed to 105.7°, the preservation of roughly
tetrahedral values at tin gives rise to nonbonded interac-
tions in other parts of this crowded molecule. In particular,
the terminal oxygen atoms of one of the carbonylchromium
groups is forced into contact with one of the methyltin
groups [d(0O-H;C) = 3.11 A vs. sum of the van der Waals
radii = 3.40 A].¥ This represents a maximum distance,
since the structure adopted in the solid state has the tri-
carbonylchromium rotated so that this intramolecular in-
teraction is minimized. In solution, on the other hand, the
freer rotation or libration of the tricarbonylchromium
group would be expected to bring the carbonyl oxygen
atom into yet more severe contact with the tin methyl
group.

This contact with and consequent distortion of the
symmetry of the methyltin groups with successive tri-
carbonylchromium substitution affects the frequency and
intensity of the methyltin v, and 7., (Sn-C) modes by
lowering the basic symmetry (and hence changing the

(43) Smith, A. L. J. Chem. Phys. 1953, 21, 1997.

(44) Sacher, R. E.; Davidsohn, W.; Miller, F. A. Spectrochim. Acta,
Part A 1970, 264, 1011.

(45) Pauling, L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960.
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definitions of these two spectral features) and by changing
the relative contributions of the various atomic and mo-
lecular motions that produce the observed absorption in
the infrared and Raman spectra. The effect is seen as a
change in intensity of the infrared ., (Sn—C) mode and
Raman v,,,,(Sn—C) mode which mimics that which would
be produced by a flattening of the central atom tetrahe-
dron toward square planarity.

The structures of the five molecules in each of our three
series of ligands and mono and bis complexes should be
related simply by an expansion of the bond distances to
the central atom, E, in the successive E = carbon to lead
substitution. In particular, for the intramolecular contact
described above, the E-methyl and E-phenyl distances in
the system O=CCrC;H;ECH would be subject to an ex-
pansion of E = carbon to lead of ca. 0.8 A (the difference
in the covalent radii of E).#* The net effect would be to
move the carbonyl oxygen atom farther away from the
methyl group, and thus the interaction should be least
severe for the E = Pb case. However, because of the
complex nature of the spectra (see above), it is not certain
that the intensity changes are observed in the E = Pb case.
For the atoms smaller than tin, the molecules should be
more crowded and the interaction more severe. Substi-
tution of a benzyl group should allow additional rotational
degrees of freedom for the complexes, but some effect on
the intensities of the »(Sn—C) modes is still seen.

The temperature-dependent solution infrared and Ra-
man spectral studies in the »(C-H) and »(Cr-CO) region
needed to confirm this suggestion are unfortunately be-
yond the scope of the present study.
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Preparation, Properties, and Chemical Reactivity of Phospha-
and Arsaacetylenedicobalt Hexacarbonyl Complexes,
(RCE)Co0,(CO), (E = P, As)’
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Phosphaacetylenedicobalt hexacarbonyls, (RCP)Co,(CO)g, and arsaacetylenedicobalt hexacarbonyls,
(RCAs)Co,(CO)g (R = CHjy, Ph, and Me;Si for the former; R = H, CHj, Ph, and Me;Si for the latter) have
been prepared by the reaction of dicobalt octacarbonyl in THF with the respective RCCLLEC], (E = P,
As) at low temperature. The RCCL,ECl, compounds were obtained by reaction of the respective RCCl,Li
with ECl; at low temperature. The arsaacetylenedicobalt hexacarbony!l complexes were devoid of donor
properties, but the phosphaacetylenedicobalt hexacarbonyl complexes formed adducts (via P) with Cr(CO);,
Mo(CO);, and W(CO); moieties. The (PhCE)Co,(CO)¢ (E = P, As) complexes could be para para-acetylated
with CH;COCI/AICl;. Ceric ion oxidation of (PhCAs)Co,(CO)g resulted in formation of PhCO,CH; and
PhC(0O)CO,CHj; when the reaction was carried out in methanol. Thermolysis of (PhCAs)Co,(CO), at 200

°C gave cobalt arsenide.

Introduction

Cobalt carbonyl cluster complexes containing phos-
phorus? and arsenic?®4#3 have been the subject of research
during the past dozen years. They are of particular interest
because there are two cluster series (shown in Figure 1 for
the one containing phosphorus) which include the tetra-
hedral homotetranuclear species and all possible hetero-
tetranuclear species. Also known is a P3Co cluster complex
in which the three CO ligands on cobalt are replaced by
the tripod phosphine CH;C(CH,PPh,),.*

In this paper we shall focus on those complexes which
contain one or two group 5 atoms, ECo4(CO),, 1, and
E;Co,(CO)4, 2 (E = P, As). The arsenic complex, AsCo;-
(CO)g, has been prepared by the reaction of arsenic tri-
iodide with Na[Co(CO),] in hexane solution and isolated
in the form of deep violet crystals. These are stable in the
solid state under carbon monozide, but in hexane solution
under a nitrogen atmosphere intermolecular CO dis-
placement results in formation of the green “trimer” 3.2

/ {°\
/ co
“"—C o \>C °~¢o
\\/\\cf /X
Co™"

AS\CO
\CO

3 (CO ligands of Co(CO), omitted for clarity)

The arsenic atom of AsCo3(CO)y is a donor site: the com-
plexes (0C)yCozAsFe(CO), and (OC)gCo3AsM(CO)s (M =

(1) (a) Part 34 of the series Organocobalt Cluster Complexes. Part 33
(mislabeled 23): Seyferth, D.; Nestle, M. O. J. Am. Chem. Soc. 1981, 103,
3320. (b) The current Chemical Abstracts index names for these com-
plexes are hexacarbonyl[u-[n%n?(alkylidyne)phosphine]ldicobalt(Co~Co)
and hexacarbonyl[u-[nz:n’-(alkylidyne)a.rsine]]dicobalt(Co—Co); the pre-
ferred names in line with the IUPAC rules of nomenclature are u-(P-a-
n:P-a-n-alkylidynephosphine)-hexacarbonyldicobalt(Co—Co) and u-(As-
a-n:As-a-n-alkylidynearsine)-hexacarbonyldicobalt(Co—Co). We thank Dr.
K. L. Loening, Chemical Abstracts Service, for advice on nomenclature.

(2) (a) Vizi-Orosz, A.; Pilyi, G.; Marké, L. J. Organomet. Chem. 1973,
60, C25. (b) Vizi-Orosz, A.; Galamb, V.; Palyi, G.; Marké, L. Ibid. 1976,
107, 235. (c) Vizi-Orosz, A. Ibid. 1976, 111, 61. (d) Vizi-Orosz, A.; Galamb,
V.; Pélyi, G.; Marké, L. Ibid. 1981, 216, 105. (e) Morrell, C. E.; Taranko,
L. B. German Offen. 2260534, 1973; Chem. Abstr. 1973, 79, 125792.

(3) (a) Foust, A. S.; Foster, M. S.; Dahl. L. F. J. Am. Chem. Soc. 1969,
91, 5631. (b) Foust, A. S,; Foster, M. S.; Dahl, L. F. Ibid. 1969, 91, 5633.

(4) Di Vaira, M.; Ghilardi, C. A.; Midollini, S.; Sacconi, L. J. Am.
Chem. Soc. 1978, 100, 2550.
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Cr, Mo, W) are readily formed.® The diarsenic complex
As,C0,4(CO)g, a red oil, is produced in the reaction of ar-
senic trichloride with dicobalt octacarbonyl in tetra-
hydrofuran (THF) solution.®* The monophosphorus
cluster PCo,(CO)g, obtained by the reaction of white
phosphorus with Co,(CO)g in hexane or of a phosphorus
trihalide with a salt of {Co(COQ),]™ in THF, is much more
reactive than its arsenic analogue, and, in fact, it undergoes
“cyclotrimerization” to give the phosphorus analogue of
3 so readily that it cannot be isolated as the pure
“monomer”. A solution spectroscopic study showed that
the lifetime of PCog(CO)y was less than 10 min in hexane
at room temperature. However, it could be trapped in
the form of its Fe(CO), complex, 4. The reaction of PCl,
or PBr; with Na[Co(CO),] in THF gave PyCo,(CO)¢ as a
red oil; this is the most stable member of the mixed P/
Co(CO); clusters. The E;Co,(CO) complexes appear to
be devoid of donor reactivity.

R
Fe(COlq
(OC)3Co—l\Co(CO (0C) 3Co—l—Co Ol
(CO)3
4 5

R T

/I
(0C)3C—f—C—R {0C)3Cd—]—~P:
\l ‘\!0/

(CO)3 (CO)3
6 7
T
(CO)3Co ‘/
(C0)3
8

In previous research we have studied the preparation,
the interconversions and other reactions of us-alkyli-

(5) Vizi-Orosz, A.; Galamb, V.; Otvés, L; Palyi, G.; Marks, L. Tran-
sition Met. Chem. (Weinkeim, Ger.) 1979, 4, 294.
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Figure 1. Cluster series containing P and Co(CO); units.

dyne-tricobalt nonacarbonyl complexes, RCCo3(CO)g, 5,57
as well as some reactions of acetylenedicobalt hexacarbonyl
complexes, 6.5° In terms of structure and bonding, these
classes of organocobalt carbonyls are closely related to the
ECo03(CO)g and E,Co,(CO)¢ (E = P, As) complexes, re-
spectively. For this reason we felt that it would be of
interest from several standpoints to prepare hybrids of the
ECo4(CO)g and RCCo3(CO)y clusters, i.e., complexes of
type 7 and 8 in which an RC unit has replaced a Co(CO),
unit of ECo4(CO),. First, it might be expected that such
a substitution to give 7 might well modify the donor re-
activity of the phosphorus atom to an extent sufficient to
allow the isolation of 7 as the “monomer”. Furthermore,
by varying the nature of the substituent R on the carbon
atom in the cluster (from electron releasing to electron
attracting), it might be possible to “fine tune” the donor
reactivity of P and As in 7 and 8, respectively. Finally,
clusters of type 7 and 8 may be regarded as Co,(CO)q
complexes of phospha- and arsaacetylenes, RC=E (E =
P, As), so they are also related to the acetylene complexes
(RC,R)C0,(CO)g, 6. The latter are prepared by the reac-
tion of dicobalt octacarbonyl with the respective acetylene,
and on oxidation under appropriate conditions the acet-
ylene is regenerated.® Thus one might hope that complexes
of type 7 and 8, however they may have been prepared,
could, upon appropriate chemical or physical degradation,
provide a source of the free ligands, RC=P and RC=As.
With these ideas in mind, we commenced our investiga-
tions aimed at the preparation and study of complexes of
type 7 and 8.

Results and Discussion

(1) Syntheses of Phospha- and Arsaacetylenedi-
cobalt Hexacarbonyl Complexes. As noted in the in-
troduction, us-phosphido- and uj-arsenido-tricobalt no-
nacarbonyl complexes generally are prepared by the re-
action of the respective phosphorus and arsenic trihalide
with either dicobalt octacarbonyl or a salt of the [Co(CO),]
anion. A generally applicable preparation of us-alkyli-
dyne-tricobalt nonacarbonyl complexes uses the reaction
of an organic trihalide, RCXj, or dihalide, RCHX,, with
dicobalt octacarbonyl® A reasonable strategy for the
synthesis of (RCE)Co,(CO)g (E = P, As) complexes seemed
to us to be one which combined both of these reactions in
one synthetic step. To ensure the presence of a C-P (or

(6) Seyferth, D. Adv. Organomet. Chem. 1976, 14, 97.

(7) Nicholas, K. M.; Nestle, M. O.; Seyferth, D. “Transition Metal
Organometallics in Organic Synthesis”; Alper, H., Ed.; Academic Press:
New York, 1978; Vol. II, pp 45-58.

(8) Seyferth, D.; White, D. L. J. Organomet. Chem. 1971, 32, 317.

(9) Seyferth, D.; Nestle, M. O.; Wehman, A. T. J. Am. Chem. Soc.
1975, 97, 7417.
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Scheme I. Preparation of Phospha- and
Arsaacetylenedicobalt Hexacarbonyl Complexes

RCCIaH + R'Li RCCI,Li + R'H

RCCoLi + ECl3 RCCl,-ECI, + LiCl

E=Por As T

C

THF
(OC)3C0—‘——E:

RCCl2-ECI2 + Coz(CO)g
Co
(CO)3

Table I. Preparation of Phospha- and
Arsaacetylenedicobalt Hexacarbonyl Complexes

%
complex yield ¢

(HCAs)Co,(CO), 9
(CH,CAs)Co,(CO), 27
(C,H;CAs)Co,(CO), 28
(Me,SiCAs)Co,(CO), 25
(CH,CP)Co,(CO), 23
(C,H,CP)Co,(CO), 18
(Me,SiCP)Co,(CO), 8

¢ Based on starting RCCI,H (cf. Scheme I).

C-As) bond in the product complex, it was desirable to use
a starting material in which such a bond was already
present; i.e., the starting materials should be of the type
RCX,EX, (X = Cl, Br; E = P, As). These then should
react with dicobalt octacarbonyl to give the expected
cluster complexes, 7 and 8. This chemistry is outlined in
Scheme 1. The required (a,a-dihaloalkyl)dihalo-
phosphines and -arsines were unknown at the time we
began our study.

In earlier work we had occasion to use known!® poly-
haloalkyllithium reagents such as PhCCl,Li, CCl;Li, and
CHCLLi and to develop others such as CH;CCl,Li,}
CF;3CClL,Li,"2 and (CH3);SiCCLLi.!® Such reagents can be
prepared by lithium/hydrogen or lithium/halogen ex-
change reactions. Due to the facility with which they
undergo decomposition via an a-elimination process, they
must be prepared and used at low temperature (-78 to
~100 °C, depending on R) and special solvent systems
usually are used.!%?

Such reagents, we found, do react with phosphorus
trichloride and arsenic trichloride at low temperature. In
order to avoid di and trisubstitution, the RCCl,Li which
we used (R = H, CHj;, C¢H;, (CH,3),Si) were added, while
maintained at low temperature, to a solution of the re-
spective ECl; at —100 °C. The RCCL,PCl, and RCCLAsCl,
thus produced were not isolated, but the solutions con-
taining them were added in turn to a cold (-78 °C), dilute
solution of dicobalt octacarbonyl in THF. As the reaction
mixtures thus formed were allowed to warm slowly, mod-
erate to brisk evolution of carbon monoxide commenced
at around -10 to 0 °C. This procedure, which requires
three low-temperature reactions and two low-temperature
transfers, is rather cumbersome, but it does give the de-
sired products, mixed cluster complexes of type 7 and 8.
They were isolated by evaporation of the reaction mixture
at reduced pressure, extraction of the residue with pentane,
and purification of the material which had been extracted

(10) Kébrich, G. Angew. Chem. 1972, 84, 557.

(11) (a) Seyferth, D.; Armbrecht, F. M., Jr. J. Organomet. Chem. 1969,
16, 249. (b) Seyferth, D.; Mueller, D. C. J. Organomet. Chem. 1971, 28,
325,

(12) Seyferth, D.; Mueller, D. C.; Armbrecht, F. M., Jr. Organomet.
Chem. Synth. 1970, 1, 3.

(13) Seyferth, D.; Hanson, E. M.; Armbrecht, F. M., Jr. J. Organomet.
Chem. 1970, 23, 361.
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Table II. Nuclear Magnetic Resonance Spectra of Phospha- and
Arsaacetylenedicobalt Hexacarbonyl Complexes and Their Derivatives
complex 'H NMR ¢ 3C NMR? 3P NMR ¢
(HCAs)Co,(CO), 8.39 (s, CDCl,)
(CH,CAs)Co,(CO), 3.13 (s, CCl,) 31.5 (CH,), 170.4 (cluster C),
198.0 (CO, CDCl,)
(CH,CAs)Co,(CO),(PPh,), 1.62,1.83 (s, CH,,
2 isomers), 7.40
(br s, Ph, CDCL))
(C,H,CAs)Co,(CO), 7.17-7.70 (m, Ph, CDCl,) 127.7 (para-C), 128.8 (meta-C),
131.5 (ortho-C), 148.5 (ipso-C),
165.9 (cluster C), 200.1 (CO, CDCl,)
(Me,SiCAs)Co,(CO), 0.37 (s, Me,Si, CDCl,)
(CH,CP)Co,(CO), 2.90 (d, J(P-H) = 8 Hz, 26.43 (s, CH,), 144.43 (d, J(P-C) = ~65.5 (s)
CH,, CCl,) 129 Hz, cluster C-P), 199.87
(Co, ccly)
(CH,CP)Co,(CO) PPh, 2.17 (4, J(P-H) = 8 Hz,
CH,), 7.03-7.65 (m,
Ph, CDCl,)
(Me,SiCP)Co,(CO), 0.40 (s, Me,Si, CDCl,)
(C,H,CP)Co,(CO), 7.12-7.52 (m, Ph, CDCl,) -69.5 (s)
(CH,CP)Co,(CO), 3.04 (s, J(P-H)=10 Hz, 24.2 (s)
Cr(CO), CH,, CCl,)
(CHscll’)Coz(CO)b 2.91 (d,J(P-H) = 11 Hz,
W(CO), CH,, CDCl,)
(C,H,CP)Co,(CO), 7.10-7.55 (m, Ph, CCl,) 23.5 (s)
Cr(CO),
(CGHSCIF)COQ(CO)G 7.16-7.56 (m, Ph, CDCl,) -21.0 (s)
Mo(CO);
(C,H,CP)Co,(CO), 7.10-7.54 (m, Ph, CCl)) —57.5 (s with W satellites,
J(W-P) = 232 Hz)
W(CO),

¢ § units, ppm downfield from internal tetramethylsilane. ° 8¢ units, ppm downf{ield from internal tetramethylsilane,

¢ 5p units, ppm downfield from external 85% aqueous H,PO,.

by column chromatography and short-path distillation.
The overall yields of the (RCE)Co,(CO), complexes, based
on starting RCCL,H or RCCl,, i.e., for the three-step se-
quence, were satisfactory in most cases considering the
synthetic procedure used. The cluster complexes prepared
in this manner are listed in Table 1.

The mechanism of formation of the (RCE)Co,(CO),
complexes is not known. One possibility is a sequence
involving dehalogenation of RCCL,ECl, by Coy(CO)g!* to
give RC=P or RC==As, followed by reaction of the latter
with dicobalt octacarbonyl to form 7 or 8. Phosphaace-
tylenes (or alkylidynephosphines), RC=P, are a known
class of, for the most part, rather unstable organo-
phosphorus compounds. Only a few members have been
reported to date;!® only two are stable enough for chemical
study.’®d¢ Their reactions with dicobalt octacarbonyl have
not yet been reported, but they may be expected to give
clusters of type 7. On the other hand, the 7 and 8 com-
plexes may be formed by a mechanism involving electron-

(14) Dicobalt octacarbonyl has been demonstrated to be a reactive
dehalogenating agent with halogenated organic compounds. In some
cases an organocobalt compound is formed, as in the RCX; + Cos(CO)q
reaction. In other cases, only dehalogenation takes place, e.g.: Seyferth,
D.; Millar, M. D. J. Organomet. Chem. 1972, 38, 373.

(15) Whether correct or not, this assumption provides the basis for our
use of the 2C0,(CO)g/1RCCLECI, stoichiometry: dehalogenation will
consume 1 equiv of Co,(CO)g, complexation the second.

(16) (a) Gier, T. E. J. Am. Chem. Soc. 1961, 83, 1769 (HC=P). (b)
Hopkinson, M. J.; Kroto, H. W.; Nixon, J. F.; Simmons, N. P. C. Chem.
Phys. Lett. 1976, 42, 460 (CH;C=P). (c) Kroto, H. W.; Nixon, J. F,;
Simmons, N. P. C.; Westwood, N. P. C. J. Am. Chem. Soc. 1978, 100, 446
(FC=P). (d) Cooper, T. A,; Kroto, H. W.; Nixzon, J. F.; Ohashi, 0. J. J.
Chem. Soc., Chem. Commun. 1980, 333 (CF;C=P). (e) Becker, G.;
Gresser, G.; Uhl, W. Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1981,
36B, 16 (Me;CC==P); J. Mol. Struct. 1981, 75, 283. (f) Appel, R.;
Westerhaus, A. Tetrahedron Lett. 1981, 22, 2159 (Me;SiC=P).

and atom-transfer steps without the intermediacy of free
RC=P or RC=As.

(2) Characterization. All of the cluster complexes in
Table I were isolated in the form of oils which ranged from
orange to red in color. The arsenido complexes, with the
exception of (HCAs)CO,(CO)g, were air-stable, but the
phosphido complexes were not. All appeared to be rea-
sonably thermally stable and could be distilled at reduced
pressure in a short-path distillation unit.

The infrared spectra of these complexes showed three
strong bands in the terminal carbonyl region, e.g., 2100,
2060, and 2036 cm™! for (CH3CP)Co4(CO)g, which is con-
sistent with the presence of the Coy(CO)g unit (localized
Cs, symmetry). Their mass spectra (70-eV electron impact)
also were consistent with the indicated structures, showing,
inter alia, the molecular ion as well as fragment ions cor-
responding to the stepwise loss of the six CO ligands and
then of the R substituent on carbon.

The nuclear magnetic resonance spectra of these com-
plexes are given in Table II. Of special interest are the
3C NMR spectra. The 13C resonances of the cluster carbon
atoms in us-acetylene-dicobalt complexes are found in the
region 6¢ 91-95,'7 while cluster carbon atom shieldings in
the *C NMR spectra of RCCo4(CO)q complexes are found
at approximately 300-ppm downfield from tetramethyl-
silane.’® Thus o of the (RCE)Co,(CQ)g complexes (E =
P, As) is approximately halfway between those of
(RC,R)Co4(CO)s and RCCo3(CO),. This may provide some
indication of the bonding in the (RCE)Co,(CQO)g complexes.

(17) Aime, S.; Milone, L.; Rossetti, R.; Stanghellini, P. L. Inorg. Chim.
Acta 1977, 22, 135.

(18) Seyferth, D.; Eschbach, C. S.; Nestle, M. O. J. Organomet. Chem.
1975, 97, C11. Also ref la.





862 Organometallics, Vol. 1, No. 6, 1982

The (RC,R)Co0,(CO)s compounds have been described in
terms of complexes of the first excited state of the acety-
lene with a Co,(CO), unit.!® IR, !H, and 13C NMR!"1%
spectroscopic studies, as well as the X-ray crystal struc-
tures of some (RC,R)Co,(CO), complexes, 2 have all in-
dicated that the bond between the two cluster carbon
atoms is characterized by a high degree of double-bond
character. Also, structural studies of E;Co,(CO);PPh,
complexes (E = P,%2 As®) and calculations on P,Co(CO)¢%
have shown the E-E bond to closely approximate a double
bond. Bonding in the us-alkylidyne-tricobalt nonacarbonyl
complexes is best described in terms of the coordination
of a carbyne, RC, with a triangulo-tricobalt species,? and,
in fact, 6¢ for RCCo4(CO)y complexes are found in the same
region in which the carbyne carbon atom shieldings of
u-alkylidyne-metal complexes occur.?® Caution must be
exercised in the interpretation of carbon atom shieldings
in organotransition-metal complexes, but on the basis of
the available 13C NMR data, we suggest a representation
of the bonding in the (RCE)Co,(CO),; complexes in terms
of resonance between the two extremes, 9a and 9b, with

O—2

C\
(OC)3C04 ------ Col(CO)3 (0C)5Com=--

| ----cotcols

/
AN

9b
9a

both forms making approximately equal contributions. On
this basis, it would appear that in the (RCE)Coy,{(CO),
complexes the ability of C and P or As to form a formal
double bond is decreased in comparison with the homo-
diatomic systems (RC,R)Co0,(CO)q and E,Co,(CO)g.

(3) Chemical Reactivity. As indicated above, the
(RCE)Co0,4(CO)q complexes were isolated as oils. They
could not be crystallized, but they could be converted to
solid derivatives by displacement of one or two CO ligands
by triphenylphosphine. All of the arsenic complexes, 8,
were converted to bis(triphenylphosphine) derivatives by
heating them in benzene with a slight excess of tri-
phenylphosphine. Bis(triphenylphosphine) derivatives also
were prepared of the phosphorus-containing clusters
(PhCP)Co,(CO)g and (MegSiCP)Coy(CO)g. The methyl-
substituted complex (CH;CP)Co,(CO)g was converted to
its monosubstitution product (CH3CP)Co,(CO)5(PPhy).
The methyl proton resonance in the NMR spectrum of this
derivative showed an upfield shift (2.17 vs. 2.90 ppm)
compared with the hexacarbonyl compound, in line with
an increase in the cluster electron density on phosphine-
for-carbon monoxide substitution.

Of great interest with respect to one of the stated ob-
jectives of this study was the reactivity of the phosphorus
and arsenic atoms in 7 and 8 toward transition-metal

(19) (a) Iwashita, Y.; Tamura, F.; Nakamura, A. Inorg. Chem. 1969,
8, 1179. (b) Iwashita, Y. Ibid. 1970, 9, 1178. (c) Iwashita, Y.; Ishikawa,
L; Kainosho, M. Spectrochim. Acta, Part A 1971, 274, 271.

(20) Sly, W. G. J. Am. Chem. Soc. 1959, 81, 18.

(21) Cotton, F. A.; Jamerson, J. D.; Stults, B. R. J. Am. Chem. Soc.
1976, 98, 1774.

(22) Foust, A. S.; Campana, C. F.; Sinclair, J. D.; Dahl, L. F. Inorg.
Chem. 1979, 18, 3047.

(23) Campana, C. F.; Vizi-Orosz, A.; Palyi, G.; Marko, L.; Dahl, L. F.
Inorg. Chem. 1979, 18, 3054.

(24) Pauling, L. “The Chemical Bond”; Cornell University Press:
Ithaca, NY, 1967; p 136.

(25) (a) Miller, D. C,; Brill, T. B. Inorg. Chem. 1978, 17, 240. (b)
Schilling, B. E. R.; Hoffmann, R. J. Am. Chem. Soc. 1979, 101, 3456. {(c)
Evans, J. J. Chem. Soc., Dalton Trans. 1980, 1005. (d) Chesky, P. T;
Hall, M. B. Inorg. Chem. 1981, 20, 4419.

(26) Fischer, E. O.; Kreis, G.; Kreiter, C. G.; Miiller, J.; Huttner, G.;
Lorenz, H. Angew Chem. 1973, 85, 618.
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Figure 2. A proposed structure of (CH;CP)3;Co4(CO)y5.

complexes. The (RCAs)Co,(CO)q complexes, 8, appear to
be devoid of donor activity toward transition-metal centers.
Neither the R = methyl nor the R = phenyl compounds
reacted with Cr(CO);(THF) or W(CO);(THF).
(PhCAs)Co0y(CO)q did not react with methyl fluoro-
sulfonate, CH;OSO,F, a powerful alkylating agent.

In contrast to the lack of reactivity displayed by 8, the
corresponding (RCP)Co4(CO)¢ complexes proved to be
quite reactive in the Lewis base sense. (CH;CP)Coo(CO)q
and (PhCP)Co,(CO), reacted readily with M(CO);(THF)
(M = Cr, Mo, W) species to give purple, crystalline adducts
of type 10. That the phosphorus atom in 7 is the site of

the M(CO); coordination was demonstrated by the P
NMR spectrum of (PhCP-W(CO);)Co,(CO)g A singlet
was observed at dp ~ 57.5 with tungsten satellites with
J(P-W) = 232 Hz. This coupling constant is in agreement
with those found for other phosphine complexes of tung-
sten(0).7 As expected,?” downfield 3!P shifts occurred
when M(CO); complexes of the cluster ligands were
formed. For (PhCP)Coy(CO)g the coordination chemical
shifts were 93.0, 48.5, and 12.0 ppm for the Cr(CO);,
Mo(CO)s, and W(CO); complexes, respectively. For the
formation of (CHyCP-Cr(CO);)Coy(CO)¢ from the (CHj;-
CP)Co,(CO)g ligand, the coordination chemical shift was
89.7 ppm.

Another indication of the Lewis basicity of the (RCP)-
Coy(CO)g complexes is given by the formation of the
“cyclotrimerization” product of (CH;CP)Co,(CO); (eq 1).

3(CH3CP)COg(CO)6 - 3CO + (CH3CP)3006(CO)15 (1)

This complex was formed in 28% yield when a solution
of (CH3CP)Co,(CO)¢ was stirred at room temperature for
8.5 days. Its 3P NMR spectrum showed two phosphorus
resonances in 2:1 relative intensity and its 'H NMR
spectrum two CH; resonances in 2:1 integrated ratio, which
suggests a static structure, either the chair form shown in
Figure 2 or the corresponding boat form. The trend in
donor activity, (RCP)Co,(CO)g > (RCAs)Co,(CO)g, thus
parallels that observed with PCo3(CO)y and AsCo3(CO),.
However, as expected, substitution of the RC unit for one
Co(CO); group in ECo3(CO)4 has resulted in a very sub-
stantial decrease in the ability of the P and As centers to
function as ligands in transition-metal complexes. In terms
of lone-pair donor ability, one might expect the (RCE)-
Coy(CO)¢ complexes to be more reactive than MCos(CO),.
However, in terms of w-back-bonding ability, one might
expect the triangulo-Cos(CO)g unit to be more effective

(27) Grim, S. O.; Wheatland, D. A.; MacFarlane, W. J. Am. Chem. Soc.
1967, 89, 5573.
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than the RCCo,(CO)¢ unit. From the observed results, it
would appear that the latter factor dominates, making
ECo4(CO), better ligands than (RCE)Co,(CO)g in transi-
tion-metal complexes.

One characteristic reaction of benzylidynetricobalt no-
nacarbonyl and diarylacetylenedicobalt hexacarbonyl
complexes is their facile Friedel-Crafts acylation in the
para position.?#® We find that (PhCP)Co,(CO)¢ and
(PhCAs)Co,(CO)g also can be acylated in high yield by the
acetyl chloride/aluminum chloride reagent to give products
of type 11. The phosphorus-containing acetylated cluster

O\C/CH3

@

(OC)3C0<‘>E:
Co/
(CO)3
1l1a,E=P
b,E= As

was obtained as a red oil in 43% yield. The arsenic ana-
logue, also a red oil, could be prepared in 95% yield. Both
products were converted to crystalline 1,2-bis(triphenyl-
phosphine) derivatives.

That the (RCE)Co,(CO),; complexes may be considered
as Co,(CO)g complexes of phospha- and arsaacetylenes has
been mentioned in a previous section. Since acetylenes
may be released from their (RC,R)Co,(CO)g complexes by
oxidative degradation,” with ceric ammonium nitrate in
aqueous acetone being very effective,? it was of some in-
terest to see if RC=P and RC==As could be relased from
their Coy(CO)g complexes. These species would not be
stable to oxidative conditions, but one might hope to iso-
late an oxidation product derived from them. However,
treatment of (PhCAs)Co,(CO), with ceric ammonium ni-
trate in methanol gave only arsenic-free organic products:
PhCO,CH; and PhC(0O)CO,CH;. The former is also ob-
tained in the oxidation of PhCCo4(CO)y, so its formation
in this reaction is not surprising. However, PhC(O)-
CO,CH; is an unexpected carbonylation product. We have
no basis for speculation on the mechanism of formation
of these products.

Thermal decomposition of (PhCAs)Co,(CO)g at 200 °C
in the presence of tetraphenylcyclopentadienone, a po-
tential “trap” for PhC=As, gave no organoarsenic prod-
ucts. The complex decomposed, and a shiny black mirror,
metallic in appearance, was deposited on the walls of the
hot tube. Analysis indicated that this material contained
33% by weight of arsenic, so that a cobalt arsenide or a
mixture of cobalt arsenide and metallic cobalt had been
formed.

Experimental Section

General Comments. All reactions were carried out under an
atmosphere of prepurified tank nitrogen unless otherwise stated.
Tetrahydrofuran (THF) was distilled from sodium/benzophenone
ketyl, and diethyl ether was distilled from lithium aluminum
hydride. Reagent-grade pentane, dichloromethane, and carbon
disulfide were deoxygenated by bubbling nitrogen through them
for 15 min, prior to use. (Dichloromethyl)trimethylsilane (Pe-
trarch), a,a-dichlorotoluene (Eastman Chemicals), and 1,1-di-
chloroethane (Eastman Chemicals) were distilled from P,Oj prior
to use. Dicobalt octacarbonyl (Strem Chemicals) was used as
received without further purification unless otherwise stated.

(28) Seyferth, D.; Williams, G. H.; Wehman, A. T.; Nestle, M. O. J.
Am. Chem. Soc. 1975, 97, 2107.

(29) Seyferth, D.; Nestle, M. O.; Wehman, A. T. J. Am. Chem. Soc.
1975, 97, 7417.
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Arsenic trichloride and phosphorus trichloride were obtained from
Alfa-Ventron.

The progress of the reactions was monitored by thin-layer
chromatography (TLC) (J. T. Baker Silica Gel 1B). Since these
reactions yielded products which could be separated easily,
full-scale chromatography was not required. Instead, filtration
chromatography, in which the reaction products were dissolved
in a suitable solvent and poured on top of a bed of Mallinckrodt
100 mesh silicic acid (ca. 200 mL) in a 350-mL glass-frit filter
funnel, was used in most cases. The eluting solvent then was
passed through with suction filtration.

Infrared spectra were obtained by using a Perkin-Elmer Model
457A double-beam grating infrared spectrophotometer. Proton
NMR spectra were recorded on either a Varian Associates T60
or a Hitachi-Perkin-Elmer R-20B spectrometer, both operating
at 60 MHz. Chemical shifts are reported in  units, ppm downfield
from internal tetramethylsilane. Chloroform or dichloromethane
generally was used as an internal standard. The carbon-13 NMR
spectra were recorded on a JEOL FX-60Q spectrometer operating
at 15 MHz in the Fourier transform mode. Pulse width of 9 us
was used. The samples were prepared by placing the oils in a
5-mm o.d. NMR tube along with approximately 20% chloro-
form-d. The spectrometer was locked on the deuterium signal
of chloroform-d and 2000-3000 pulses were required to obtain
spectra in which the cluster carbon atoms could be seen.

The phosphorus-31 NMR spectra were recorded on a JEOL
FX-90Q spectrometer operating at 36.2 MHz in the Fourier
transform mode. The spectrometer was locked externally on the
deuterium signal of D,0. The values are reported in ép units, ppm
downfield from 85% aqueous H;PO, using external PhsP (in the
same solvent as the sample) as reference at -6.0 ppm. Mass
spectra were obtained with a Varian MAT-44 instrument operating
at 70 eV. Molecular ions were assigned on the basis of the most
abundant natural isotope. Melting points were determined on
analytically pure samples using a Bichi capillary melting point
apparatus and are uncorrected. Microanalyses were performed
by Scandinavian Microanalytical Laboratories, Herlev, Denmark.

Temperatures are reported in degrees centigrade (°C) and are
uncorrected. Low temperatures were measured by using pentane
thermometers (W. H. Kessler Co., Inc., +30 to —200 °C) with only
the bulb immersed in the solution. However, these thermometers
are total immersion thermometers and read -70 °C (bulb im-
mersed) vs. 78 °C (total immersion) in a dry ice/acetone bath,
so the temperatures reported are probably 8-10° high for the
low-temperature reactions.

A considerable amount of attention is required in the prepa-
ration of the low-temperature lithium reagents RCCl,Li. The
temperatures must not be allowed to exceed —90 °C, and care must
be taken not to allow the reaction mixture to freeze. This is best
done by intermittent application of a liquid nitrogen bath with
continuous monitoring of the temperature.

Preparation of Phospha- and Arsaacetylenedicobalt
Hexacarbonyl Complexes. Essentially the same procedure was
used in all preparations. That used in the synthesis of (CH4C-
P)Co0,(CO); is described in detail below. Table I summarizes the
other preparations. The yields are not optimized and improve-
ment should be possible. Spectroscopic and analytical data for
all new products are given in Table III.

Reaction between Dicobalt Octacarbonyl and (1,1-Di-
chloroethyl)phosphorus Dichloride. Step 1.!! A 300-mL
three-necked Morton flask equipped with a mechanical stirrer,
a serum cap, and a Claisen adapter fitted with a low-temperature
thermometer and a nitrogen inlet tube was flushed with nitrogen.
THF (90 mL), diethyl ether (45 mL), pentane (35 mL), and 2.1
mL (25 mmol) of CH;CCl,H (Eastman) were added by syringe.
The resulting solution then was cooled to —100 °C by the inter-
mittent application of a liquid nitrogen bath while stirring vig-
orously. By syringe, 10.8 mL (26 mmol) of 2.4 M n-BuLi in hexane
was added over a 30-min period. The reaction mixture remained
colorless. The mixture was stirred for an additional 1.5 h at -100
°C after the addition was completed.

Step 2. A 300-mL three-necked, round-bottomed flask
equipped with a mechanical stirrer, a serum cap, and a Claisen
adapter fitted with a low-temperature thermometer and a nitrogen
inlet tube was flushed with nitrogen. THF (50 mL) and 2.2 mL
(25 mmol) of PCl; were added by syringe. This solution was cooled
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Table III. Phospha- and Arsaacetylenedicobalt Hexacarbonyl Complexes and Their Derivatives
anal. caled (found), %
complex mp or bp, °C carbon hydrogen IR, terminal CO region, cm™!
(HCAs)Co,(CO), red oil (partial dec on distillation) 2100 (s), 2065 (vs), 2040 (vs) (CCl,)
(HCAs)Co,(CO),(PPh,), dec without melting 58.46 (58.23) 3.71 (8.75)
(CH,CAs)Co,(CO), 40 (0.02 torr) 24.77 (24.97) 0.78 (0.89) 2100 (s), 2060 (vs), 2030 (vs) (CCl,)
As, 19.32 (20.39)

(CH,CAs)Co,(CO),PPh, 48.26 (48.25) 2.92 (3.00)
(CH,CAs)Co,(CO),(PPh,), dec without melting 58.90 (57.99) 3.88 (3.90) 2020 (s), 1945 (s) (CHCI,)
(C,H,CAs)Co,(CO), red oil 34.70(35.32) 1.12 (1.35) 2090 (m), 2060 (s), 2035 (s) (CHCL,)
(C,H,CAs)Co0,(CO),(PPh,), dec without melting 61.45 (61.13) 3.84 (3.96) 2025 (s), 1940 (s) (CHCl,)
(Me,SiCAs)Co,(CO), 55 (0.1 torr) 26.63 (25.63) 2.03 (2.03) 2100 (s), 2062 (vs), 2039 (vs) (CDCl,)
(CH,CP)Co,(CO), 45 (0.2 torr) 27.94 (27.74) 0.88 (0.99) 2100 (s), 2060 (vs), 2036 (vs) (CClL,)
(CH,CP)Co,(CO)PPh, 108-110 51.93 (51.58) 3.14 (3.26) 2075 (s), 2010 (s), 1968 (m), (CH,Cl,)
(CH,CP)Co,(CO),(PPh,), 235-238 2030 (s), 1968 (m) (CH,Cl,)
(Me,SiCP)Co,(CO), 55 (0.7 torr) (partial dec on distillation) 2107 (s), 2070 (vs), 2040 (vs) (CCl,)
(Me,SiCP)Co,(CO), (PPh,), 172-174 60.70 (60.38) 4.561 (4.62)
(C,H,CP)Co,(CO), 65 (0.07 torr) 2100 (s), 2070 (vs), 2045 (vs) (CCl,)
(C,H,CP)Co,(CO),(PPh,), 203-206 64.55 (64.45) 4.03 (4.13) 2030 (s), 1973 (s) (CH,Cl,)
(CH,CI{’)COZ(CO)6 65-66.5 29.13 (29.09) 0.56 (0.69) 2111 (m), 2079 (vs), 2055 (s), 2050 (sh),

Cr(CO). 1996 (w), 1992 (w), 1963 (vs) (CCl,)
(CHa(Jl"‘)Coz(CO)6 77-79 23.38 (23.44) 0.45 (0.57) 2112 (m), 2080 (vs), 2055 (vs), 1996 (w),

W(CO), 1992 (w), 1960 (vs) (CHCl,)
(CeHsClI’)Coz(CO)6 86-88 36.15 (36.29) 0.84 (0.90) 2107 (m), 2072 (vs), 2050 (s), 1995 (w),

Cr(CO), 1990 (w), 1962 (vs) (CCl,)
(CGHSCIT)COZ(CO)6 69-71 33.68 (34.03) 0.78 (1.00) 2105 (m), 2070 (vs), 2046 (s), 2032 (sh),

Mo(CO), 2015 (w), 1967 (vs) (CCl,)
(C,H,CP)Co,(CO), 98-99 29.62 (29.59) 0.69 (0.77) 2110 (m), 2076 (vs), 2051 (s), 1993 (w),

\lN(CO) 1989 (w), 1960 (vs) (CCl,)

5

to ~100 °C by the intermittent application of a liquid nitrogen
bath with vigorous stirring. A cannula wrapped in a paper towel
was soaked with acetone, and the acetone was frozen with liquid
nitrogen. In this manner, the temperature of the cannula was
regulated at —78 °C, and the cannula was used to transfer the
solution generated in step 1 into the reaction flask in step 2. (The
reaction solution remained colorless.) When the addition was
complete, the reaction mixture was stirred for an additional 2 h
at -100 °C.

Step 3. A 3-L three-necked, round-bottomed flask equipped
with a mechanical stirrer, a serum cap, and a Claisen adapter fitted
with a low-temperature thermometer and a nitrogen inlet tube
was flushed with nitrogen and then charged with 18.1 g (53 mmol)
of Coy(CO)g (Strem) and 1 L of THF. The dark brown solution
was cooled to -78 °C (dry ice/acetone bath), and the solution
generated in step 2 was cannulated into the reaction vessel. The
cooling bath was removed, and the reaction mixture was allowed
to warm slowly to room temperature. No color changes were
observed. At ca. -5 °C moderate gas evolution ensued. The
reaction mixture was stirred at room temperature overnight.

The solution was filtered to remove the blue CoCl,. Solvent
was removed on a rotary evaporator under nitrogen, leaving a
brown-black, oily residue. This residue was extracted with hot
pentane until the extracts were colorless. The combined extracts
were concentrated on a rotary evaporator under nitrogen to yield
a red-brown oil. Chromatography (silicic acid/pentane) yielded
a red band which, upon removal of solvent, gave 1.978 g (5.75
mmol, 23% yield) of (MeCP)Co,(CO); as a slightly air-sensitive,
red oil. This material was short-path distilled at 45 °C (0.2 mm)
to yield an analytically pure sample.

A solid triphenylphosphine derivative was prepared by the
addition (over 15 min) of 0.63 g (2.40 mmol) of PPh; to a refluxing
solution of 1.00 g (2.91 mmol) of (MeCP)Co,(CO)g in 100 mL of
benzene. This procedure gave 0.971 g (1.68 mmol, 58% yield based
on the cluster) of (MeCP)Coy(CO)5(PPhg) as an air-stable, orange
solid (recrystallization from pentane), mp 108-110 °C. The second
product isolated was 0.305 g (0.374 mmol, 13% yield based on
the cluster) of (MeCP)Co,(CO),(PPhs), as an air-stable, dark-
purple solid (recrystallization from CH,Cl,/pentane), mp 235-238
°C

i!eaction between (2-Methyl-1-phosphaacetylene)dicobalt
Hexacarbonyl and Pentacarbonyl(tetrahydrofuran)tung-

sten. A 300-mL three-necked, round-bottomed flask equipped
with a magnetic stir-bar, two serum caps, a reflux condensor, a
nitrogen inlet needle, and a gas outlet was flushed with nitrogen
and charged with 1.02 g (2.91 mmol) of W(CO)g (Pressure
Chemical) and 200 mL of THF. Nitrogen was bubbled through
the solution as it was irradiated by a Hanovia high-pressure
mercury lamp. After a few minutes, all of the W(CO); had dis-
solved and the solution became yellow. After 3.5 h the irradiation
was stopped, and the solution was yellow-orange.

A solution of 1.00 g (2.91 mmol) of (MeCP)Co,(CO)g in 25 mL
of THF was cannulated into the reaction vessel. Immediately,
the reaction mixture became deep ruby red. TLC showed the
disappearance of all starting material after addition was complete.
Solvent was removed on a rotary evaporator, leaving a dark red
solid which was chromatographed (silicic acid/pentane). Elution
with 10% CH,Cl,/pentane yielded a deep red band which, upon
removal of solvent, gave 1.407 g (2.11 mmol, 72% yield) of
[MeCPW(CO);5]Co,(CO)g as air-stable, red-purple crystals, mp
77-79 °C (from pentane). The mass spectrum showed the mo-
lecular ion and fragment ions corresponding to the successive loss
of the 11 CO ligands.

The W(CO); adduct of (PhCP)Coy(CO)g, purple crystals, mp
98-99 °C (from pentane), was prepared in 71% yield in similar
fashion. Its mass spectrum also showed the molecular ion and
[M* — nCO] fragment ions (n = 1-11).

Reaction between (2-Methyl-1-phosphaacetylene)dicobalt
Hexacarbonyl and Pentacarbonyl(tetrahydrofuran)chro-
mium. The standard apparatus was assembled, flushed with
nitrogen, and charged with 0.64 g (2.91 mmol) of Cr(CO)g (Strem)
and 200 mL of THF. After the solution had been irradiated for
2.5 h, it was yellow-orange. A solution of 1.00 g (2.91 mmol) of
(MeCP)Co,(CO)g in 25 mL of THF was cannulated into the
reaction vessel. Immediately, the solution became a deep red.
Solvent was removed on a rotary evaporator, leaving a red solid
which was chromatographed (silicic acid/pentane). First, pentane
eluted a red band which gave 0.266 g (0.77 mmol) of (MeCP)-
Co4(C0O)g. Continued elution with pentane then yielded a deep
red band which, upon removal of solvent, gave 0.688 g (1.28 mmol,
60% yield based on recovered starting material) of [MeCPCr-
(C0)5]CO,4(CO)g as an air-stable, red-purple solid, mp 65-66.5 °C
(from pentane). The mass spectrum showed the molecular ion
and fragment ions corresponding to successive loss of the 11 CO
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ligands.

Reaction between (2-Phenyl-1-phosphaacetylene)dicobalt
Hexzacarbonyl and Pentacarbonyl(tetrahydrofuran)molyb-
denum. The standard apparatus was assembled, flushed with
nitrogen, and charged with 1.32 g (5 mmol) of Mo(CO)g (Strem)
and 100 mL of THF. After the solution had been irradiated for
2.5 h, it was yellow-orange. Next, 0.80 g (1.97 mmol) of
(PhCP)Co0,4(CO)g in 30 mL of THF was cannulated into the re-
action flask. After the reaction mixture had been stirred for 1
h, solvent was removed on a rotary evaporator, leaving a red solid
which was chromatographed (silicic acid /pentane). First, pentane
eluted a red band which gave 0.124 g (0.31 mmol) of (PhCP)-
Co,(CO)g. Continued elution with pentane yielded a deep red
band which, upon removal of solvent, gave 0.490 g (0.763 mmol,
46% yield based on recovered starting material) of [PhCPMo-
(C0)5]Coy(CO)¢ as an air-stable, purple-red solid, mp 69-71 °C
(from pentane). The mass spectrum showed the molecular ion
and fragment ions corresponding to the successive loss of the 11
CO ligands.

A similar reaction of (PhCP)Co,(CO)g (2.96 mmol) with Cr-
(CO)s(THF) (3.5 mmol) in THF gave [PhCP-Cr(CO);]CO,(CO)q,
air-stable purple-black crystals, mp 86-88 °C (from pentane), in
76% yield. The mass spectrum was characterized by M* and (M*
- nCO} (n = 1-11).

Trimerization of (2-Methyl-1-phosphaacetylene)dicobalt
Hexacarbonyl in Tetrahydrofuran. A 200-mL round-bottomed
flagk fitted with a stir bar and a serum cap was flushed with
nitrogen and charged with 1.00 g (2.91 mmol) of (MeCP)Co,(CO);
in 50 mL of THF. The reaction mixture was stirred for 8.5 days
while it was monitored by TLC. Solvent was removed from the
dark, brown-red solution on a rotary evaporator, leaving a black,
oily solid which was chromatographed (silicic acid/pentane).
Pentane eluted a red band which, upon removal of solvent, gave
0.327 g (0.951 mmol) of (MeCP)Co,(CO)s Elution with 10%
CH,Cl,/pentane yielded a black-red band which, upon removal
of solvent, gave 0.170 g [0.179 mmol, 27.5% conversion based on
recovered (MeCP)Coy(CO)g] of [(MeCP)Co,(CO);]; as an air-
stable, brown-black solid. After recrystallization from pentane,
mp 107-109 °C, it was identified on the basis of the following data:
IR (CH,Cl,) 2960 (w), 2910 (w), 1010 {w) cm™, terminal carbonyl
region, 2097 (w), 2070 (vs), 2040 (s) em™!; NMR (CDCly) § 2.71
[d, J(P-H) = 6 Hz, CH;] and 2.79 {d, J(P-H) = 6 Hz, CH;] in
a 1:2 ratio; 1P NMR (CDCl;) 5 16.08 (s, 2 P) and 28.39 (s, 1 P)
(see Figure 2); mass spectrum, m/e (relative intensity) 948 (M*,
14%), 920 (M* - CO, 0.7%), 892 (M* - 2CO, 42%), 864 (M* -
3C0, 0.7%), 836 (M* - 4CO, 2%), 808 (M* ~ 5CO, 10%), 780 (M*
-6CO0, 22%), 752 (M* - 7CO, 6%), 724 (M* - 8CO, 23%), 696
(M*-9CO0, 80%}), 668 (M* - 10CO, 67%), 640 (M* - 11CO, 64%),
612 (M* - 12CO, 61%), 584 (M* - 13CO, 73%), 556 (M* - 14CO,
94%), 528 (M* - 15CO, 100%).

Anal. Caled for C;H3Co,0;P: C, 26.61; H, 0.96. Found: C,
26.23; H, 1.02.

When 1.00 g (2.91 mmol) of (MeCP)Co4(CO)4 in 75 mL of
benzene was refluxed for 1 h, 0.109 g (0.115 mmol, a 12% yield)
of [(MeCP)Co,(CO);]5 was obtained. It was identified by com-
parison of its mass spectrum with that of an authentic sample.
Further, (MeCP)Co,(CO)g was found to decompose (on storage
at —30 °C under nitrogen) to [(MeCP)Co,(CO);]; after prolonged
periods of time.

Reaction between (2-Phenyl-1-arsaacetylene)dicobalt
Hexacarbonyl and Acetyl Chloride in the Presence of Alu-
minum Chloride. A 300-mL three-necked round-bottomed flask
equipped with a nitrogen inlet, a pressure-equalizing addition
funnel, and a magnetic stir bar was flushed with nitrogen and
charged with 0.35 g (4 mmol) of acetyl chloride in 50 mL of
dichloromethane. Then, 0.59 g (4 mmol) of aluminum chloride
was added with stirring to the solution, and the reaction mixture
was stirred for 30 min. Meanwhile, the addition funnel was
charged with 1.00 g (2.2 mmol) of (2-phenyl-1-arsaacetylene)di-
cobalt hexacarbonyl in 50 mL of dichloromethane. Then, the
solution of this complex was added to the stirred acetyl chlo-
ride/aluminum chloride solution over a period of 5 min. TLC
showed that the reaction was complete upon addition.

The reaction mixture was poured into 100 mL of water, the
organic layer was separated and dried over MgSO,, and the solvent
was removed on a rotary evaporator to yield a red oil. The oil
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was chromatographed on a silicic acid column. Benzene eluted
a single fraction which yielded 1.05 g (2.1 mmol, 95% yield) of
(2-(p-acetylphenyl)-1-arsaacetylene)dicobalt hexacarbonyl as a
red oil, 11b: NMR (CCl,) 5 2.48 (s, 3 H, CHj), 7.4-7.95 (m, AA’'BB’
pattern, 4 H, phenyl).

11b could not be distilled without decomposition, and a sat-
isfactory combustion analysis could not be obtained. However,
it could be converted to a bis(triphenylphosphine) derivative.
Treatment with 2 equiv of triphenylphosphine in refluxing
benzene yielded the 1,2-bis(triphenylphosphine) derivative, (2-
(p-acetylphenyl)-1-arsaacetylene)dicobalt bis(triphenylphosphine)
tetracarbonyl, which decomposed without melting at 145 °C: Ir
(CHCl,) 3060 (w), 3005 (w), 2080 (sh), 1665 (s), 1582 (s), 1480 (m),
1432 (m), 1400 (w), 1368 (w), 1300 (w), 1270 (w), 1175 (w), 1090
(s), 1025 (vw), 1000 (vw), 955 (vw), 935 (vw) cm™, terminal car-
bonyl region, 2030 (s), 1950 (vs) ¢cm™!; NMR (CDCl;) 4 2.56 (s,
3 H, CH,) and 6.67-7.56 (m, 34 H, phenyl).

Anal. Caled for CgHj3;A8C0,05P,: C, 61.27; H, 3.88. Found:
C, 61.46; H, 4.30.

Reaction between (2-Phenyl-1-phosphaacetylene)dicobalt
Hexacarbonyl and Acetyl Chloride in the Presence of Alu-
minum Chloride. With use of the procedure described above,
5 mmol each of acetyl chloride and aluminum chloride in 50 mL
of dichloromethane was treated with a solution of 2.46 mmol of
(PhCP)Co,(CO)g in 50 mL of dichloromethane. TLC showed the
reactants had been consumed during the course of the 10-min
addition period. Workup as above gave a red oil which was
chromatographed (silicic acid/CH,Cly) to give 0.471 g (1.05 mmol,
43% yield) of (2-(p-acetylphenyl)-1-phosphaacetylene)dicobalt
hexacarbonyl as a red, air-sensitive oil which was identified on
the basis of the following data: IR (CCl,) 3060 (w), 3030 (w), 2960
(m), 2935 (m), 2860 (m), 1715 (m), 1680 (s) (C=0), 1592 (m), 1400
(m), 1360 (m), 1302 (m), 1265 (s), 1180 (m), 1110 (w), 1075 (w),
1015 (w), 955 (m), 913 (m), 840 (w), 650 (m), 630 (m), 595 (w) cm?,
terminal carbonyl region, 2100 (s), 2065 (vs), 2040 (vs) cm™; NMR
(CCl) 6 2.45 (s, 3 H, CH;) and 7.05~7.85 (m, 4 H, phenyl).

A bis(triphenylphosphine) derivative was prepared by heating
(2-(p-acetylphenyl)-1-phosphaacetylene)dicobalt hexacarbonyl
with 2 equiv of triphenylphosphine in 60 mL of refluxing benzene
for 6 h. After recrystallization from CH,Cl,/pentane, the red-
purple crystals, mp 115-116.5 °C, were identified as (2-(p-
acetylphenyl)-1-phosphaacetylene)dicobalt bis(triphenyl-
phosphine) tetracarbonyl: IR (CH,Cl,) terminal carbonyl region,
2035 (S), 1975 (S) Cm_l- Anal. Caled for C49H3700205P3: C, 64.21,
H, 4.07. Found: C, 64.17; H, 4.50.

Oxidation of (2-Phenyl-1-arsaacetylene)dicobalt Hexa-
carbonyl with Ceric Ammonium Nitrate in Methanol. A 250
mL one-necked round-bottomed flask equipped with a magnetic
stir bar was charged with 1.00 g (2.2 mmol) of (PhCAs)Coy(CO)q
in 100 mL of absolute methanol. Then, the red solution was
stirred, and 3.62 g (6.6 mmol) of ceric ammonium nitrate was
added in small portions over a 30-min period. As the ceric am-
monium nitrate was added, gas was evolved and the solution
became a pale orange in color when the addition was complete.
The methanol was removed at reduced pressure, and the residue
was treated with 100 mL of water and 100 mL of dichloromethane.
The organic layer was separated, and the aqueous layer was
extracted with an additional 100 mL of dichloromethane. The
combined extracts were dried over MgSQ,, and the solvent was
removed on a rotary evaporator to yield 0.28 g of a pale yellow
oil. GLC analysis of this oil (2 ft SE-30 column, 147°) showed
the presence of two major products. The first was indentified
as methyl benzoate, PhC(O)OCHjg, by comparison of its GLC
retention time and IR spectrum with those of authentic material
(Aldrich Chemicals). The second product was identified as methyl
benzoylformate, PhC(0)C(0)OCHj;, by comparison of its GLC
retention time and IR spectrum with those of authentic material
(Aldrich Chemicals).

The aqueous layer from the oxidation was acidified with hy-
drochloric acid, and hydrogen sulfide was bubbled through the
solution resulting in the formation of a yellow precipitate. The
precipitate was filtered, washed with ethanol and carbon disulfide,
and dried to yield 0.15 g (0.97 mmol of As, 44%) of As,S;.

Thermolysis of (2-Phenyl-1-arsaacetylene)dicobalt Hex-
acarbonyl in the Presence of Tetraphenylcyclopentadienone.
A thick-walled Pyrex tube was charged with 1.00 g (2.2 mmol)
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of (PhCAs)Co,(CO)g and 0.84 g (2.2 mmol) of tetraphenylcyclo-
pentadienone in 20 mL of benzene. The solution was freeze-thaw
degassed, and the tube was sealed under vacuum. The tube then
was placed in an oven at 200 °C for 10 h. At the end of 10 h, the
tube was removed from the oven and allowed to cool to room
temperature. It was noted that the tube was coated with a shiny
metallic mirror. The tube was opened, the contents were filtered,
and the tube and the residue were washed with benzene until the
washings were clear. The filtrate was reduced in volume and
chromatographed on a silicic acid column using benzene as eluent.
Benzene eluted a red-purple band which yielded 0.6 g (74%
recovery) of tetraphenylcyclopentadienone. Several other bands
were noted on the column, but none were in sufficient quantity
to isolate.

The shiny black coating which had formed on the walls of the
tube was shown to be nonmagnetic and therefore was not cobalt
metal. The substance was then tested for arsenic by the method
reported in “Comprehensive Analytical Chemistry” for the de-
termination of arsenic by conversion to arsenic trichloride, dis-
tilling the arsenic trichloride, and precipitating it as As,S,.%

(30) Morries, P. In “Comprehensive Analytical Chemistry”; Wilson, C.
L., Wilson, D. W. Eds.; Elsevier: New York, 1962; Vol. I¢c, p 237.

(31) Notes added in proof (May 14, 1982). (a) Since this paper was
written, the reaction of a stable phosphaacetylene, (CHg),CC=P, with
dicobalt octacarbonyl to give the complex [(CHg);CCPJCO,(CO)q has
been reported: Burkett-St. Laurent, J. C. T, R.; Hitchcock, P. T.; Kroto,
H. W.; Nizon, J. F. J. Chem. Soc., Chem. Commun. 1981, 1141. (b) An
X-ray crystallographic study which has not yet been completed has
confirmed the structure of [PhCPW(CO0),]JCO,(CO)q (CPCo, core cluster
with P-W(CO); coordination): Fackler, J. P., Jr., private communication.

Following the literature procedure, 0.387 g of the material was
shown to contain 0.127 g (33% by weight) of arsenic. This roughly
corresponds to the composition Co,As (38% As by weight) as-
suming the remainder of the residue was entirely cobalt. The
total yield of the black substance was 0.4 g. Therefore, if the
composition were indeed Co,As, 0.4 g represents 2.07 mmol, or
a 94% yield of cobalt and arsenic.

Acknowledgment. We are grateful to the National
Science Foundation for financial support and to M, K.
Gallagher for 3P NMR spectra.
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Summary: Optically active germyl ligands are easily in-
troduced in transition-metal complexes. Reaction of op-
tically active MePh(1-C,oH,)GeLi with (7°-C;H;)M(CO),NO
(M = Mo, W) results in replacement of CO and formation
of anionic species which can be alkylated with CH,I to
afford mixtures of diastereoisomeric complexes, [(n°-
C3Hs)M(COXNO)GeR;)CH;] (R = MePh(1-C,H,), M =
Mo, W).

Optically active transition-metal complexes in which the
metal is chiral are of current interest!? and a few have been
obtained with a square-pyramidal geometry. However, up

(1) Brunner, H.; Mokhlesur Rahman, A. F. M. J. Organomet. Chem.
1981, 214, 373 and preceding papers.

(2) Brunner, H. Adv. Organomet. Chem. 1980, 18, 251 and references
therein.

to the present, all complexes of this type obtained have
two identical ligands; this is the result of one of the con-
straints applied to such systems in order to restrict the
number of the possible isomers.?

In previous work we have described the synthesis of
square-pyramidal complexes having five different and in-
dependent ligands and have provided evidence for their
configurational stability.® These complexes can be pre-
pared as a result of the ease of replacement of carbonyl
ligands by R3Ge™ in transition-metal complexes.*5

We report here the synthesis, characterization, and
resolution of diastereoisomeric complexes which have a
square-pyramidal geometry by means of an optically active
germanium substituent. The preparation of the complex
{eq 1, M = Mo, W) involves nucleophilic displacement of
a carbonyl ligand and methylation of the anion obtained.

Slow addition of 10 mmol of (methylphenyl-1-
naphthylgermyl)lithium® (prepared by stirring at room
temperature for 1 h 2.92 g (10 mmol) of MePh(1-C,,H,)-
GeH ([«])®p + 26°) and 10 mmol of n-butyllithium in 20
mL of ether) to a solution of 2.5 g (10 mmol) of (5°-
C:H;)Mo(C0),NO7 in 50 mL of ether at room temperature
resulted in smooth evolution of carbon monoxide as the

(3) Colomer, E.; Corriu, R. J. P.; Vioux, A. Angew. Chem., Int. Ed.
Engl. 1981, 20, 476.

(4) Colomer, E.; Corriu, R. J. P. J. Chem. Soc., Chem. Commun. 1978,
435.

(5) Carré, F.; Cerveau, G.; Colomer, E.; Corriu, R. J. P. J. Organomet.
Chem., in press.

(6) Brook, A. G.; Peddle, G. J. D. J. Am. Chem. Soc. 1963, 85, 2338.

(7) Hoyano, J. K.; Legzdins, P.; Malito, J. T. Inorg. Synth. 1978, 10,
126.
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of (PhCAs)Co,(CO)g and 0.84 g (2.2 mmol) of tetraphenylcyclo-
pentadienone in 20 mL of benzene. The solution was freeze-thaw
degassed, and the tube was sealed under vacuum. The tube then
was placed in an oven at 200 °C for 10 h. At the end of 10 h, the
tube was removed from the oven and allowed to cool to room
temperature. It was noted that the tube was coated with a shiny
metallic mirror. The tube was opened, the contents were filtered,
and the tube and the residue were washed with benzene until the
washings were clear. The filtrate was reduced in volume and
chromatographed on a silicic acid column using benzene as eluent.
Benzene eluted a red-purple band which yielded 0.6 g (74%
recovery) of tetraphenylcyclopentadienone. Several other bands
were noted on the column, but none were in sufficient quantity
to isolate.

The shiny black coating which had formed on the walls of the
tube was shown to be nonmagnetic and therefore was not cobalt
metal. The substance was then tested for arsenic by the method
reported in “Comprehensive Analytical Chemistry” for the de-
termination of arsenic by conversion to arsenic trichloride, dis-
tilling the arsenic trichloride, and precipitating it as As,S,.%

(30) Morries, P. In “Comprehensive Analytical Chemistry”; Wilson, C.
L., Wilson, D. W. Eds.; Elsevier: New York, 1962; Vol. I¢c, p 237.

(31) Notes added in proof (May 14, 1982). (a) Since this paper was
written, the reaction of a stable phosphaacetylene, (CHg),CC=P, with
dicobalt octacarbonyl to give the complex [(CHg);CCPJCO,(CO)q has
been reported: Burkett-St. Laurent, J. C. T, R.; Hitchcock, P. T.; Kroto,
H. W.; Nizon, J. F. J. Chem. Soc., Chem. Commun. 1981, 1141. (b) An
X-ray crystallographic study which has not yet been completed has
confirmed the structure of [PhCPW(CO0),]JCO,(CO)q (CPCo, core cluster
with P-W(CO); coordination): Fackler, J. P., Jr., private communication.

Following the literature procedure, 0.387 g of the material was
shown to contain 0.127 g (33% by weight) of arsenic. This roughly
corresponds to the composition Co,As (38% As by weight) as-
suming the remainder of the residue was entirely cobalt. The
total yield of the black substance was 0.4 g. Therefore, if the
composition were indeed Co,As, 0.4 g represents 2.07 mmol, or
a 94% yield of cobalt and arsenic.
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Summary: Optically active germyl ligands are easily in-
troduced in transition-metal complexes. Reaction of op-
tically active MePh(1-C,oH,)GeLi with (7°-C;H;)M(CO),NO
(M = Mo, W) results in replacement of CO and formation
of anionic species which can be alkylated with CH,I to
afford mixtures of diastereoisomeric complexes, [(n°-
C3Hs)M(COXNO)GeR;)CH;] (R = MePh(1-C,H,), M =
Mo, W).

Optically active transition-metal complexes in which the
metal is chiral are of current interest!? and a few have been
obtained with a square-pyramidal geometry. However, up

(1) Brunner, H.; Mokhlesur Rahman, A. F. M. J. Organomet. Chem.
1981, 214, 373 and preceding papers.

(2) Brunner, H. Adv. Organomet. Chem. 1980, 18, 251 and references
therein.

to the present, all complexes of this type obtained have
two identical ligands; this is the result of one of the con-
straints applied to such systems in order to restrict the
number of the possible isomers.?

In previous work we have described the synthesis of
square-pyramidal complexes having five different and in-
dependent ligands and have provided evidence for their
configurational stability.® These complexes can be pre-
pared as a result of the ease of replacement of carbonyl
ligands by R3Ge™ in transition-metal complexes.*5

We report here the synthesis, characterization, and
resolution of diastereoisomeric complexes which have a
square-pyramidal geometry by means of an optically active
germanium substituent. The preparation of the complex
{eq 1, M = Mo, W) involves nucleophilic displacement of
a carbonyl ligand and methylation of the anion obtained.

Slow addition of 10 mmol of (methylphenyl-1-
naphthylgermyl)lithium® (prepared by stirring at room
temperature for 1 h 2.92 g (10 mmol) of MePh(1-C,,H,)-
GeH ([«])®p + 26°) and 10 mmol of n-butyllithium in 20
mL of ether) to a solution of 2.5 g (10 mmol) of (5°-
C:H;)Mo(C0),NO7 in 50 mL of ether at room temperature
resulted in smooth evolution of carbon monoxide as the

(3) Colomer, E.; Corriu, R. J. P.; Vioux, A. Angew. Chem., Int. Ed.
Engl. 1981, 20, 476.

(4) Colomer, E.; Corriu, R. J. P. J. Chem. Soc., Chem. Commun. 1978,
435.

(5) Carré, F.; Cerveau, G.; Colomer, E.; Corriu, R. J. P. J. Organomet.
Chem., in press.

(6) Brook, A. G.; Peddle, G. J. D. J. Am. Chem. Soc. 1963, 85, 2338.

(7) Hoyano, J. K.; Legzdins, P.; Malito, J. T. Inorg. Synth. 1978, 10,
126.
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orange color of the complex turned brown.® After the
golution was stirred at room temperature for 5 h, the
solvent was pumped off and the residue taken up in 50 mL
of CH,Cl,; then 2 g of Et,NCl dissolved in 10 mL of CH,Cl,
was added at room temperature. The solution was filtered
through a fritted funnel (G4), the solvent pumped off, and
the residue taken up in THF. After filtration, THF was
pumped off and the residue dissolved in CH,Cl,. Slow
addition of hexane formed two layers, and the mixture was
left at —20 °C. After 3—4 days a brown gum precipitated;
this gum was freed from the solvent and dissolved in THF.
To this solution was added 2 mL of CH,I at room tem-
perature; a precipitate of Et,NI appeared and the brown
solution turned orange-yellow. The solvent was pumped
off and the residue dissolved in toluene and filtered. The
solution was concentrated and chromatographed on silica
gel using toluene/hexane (1/1) as eluant. A yellow band
was collected and the solvent removed to leave an or-
ange-yellow solid residue (1.30 g, yield 25%). The 'H
NMR? spectrum of the product corresponds to a mixture
of two diastereoisomers, which have the CO and NO lig-
ands trans each to other as deduced from the IR spectrum
(»(CO) 2010, »(NO) 1650 cm™ in CH,Cl,1%!1), Fractionnal
crystalization from toluene/hexane (for the less soluble
diastereoisomer) and from hexane (for the more soluble
diai%tgreoisomer) allowed the separation of both complex-
es.l%

The configurations at molybdenum are unknown.
However, the configuration at germanium should be the
same as in the starting germane, since optically active
germyllithium is known to react always with retention of
configuration in its reactions either with organic sub-
strates®1* or with transition-metal complexes.’

The same procedure with (3%-C;H;) W(CO),NO" led to
the formation of a mixture of diasterecisomers where M
= W (eq 1)!51% which are separated as above.?

&> <o

RaGelLi EtgNCI
— ———ipne

M M Li
-co -LicCl
o | no 0 | Neers '
co NO
CHal
M EtgN —== M, + M,
CO/ l \GeR3 OC\‘\l \”/GeR3 ON\\\ \///Geﬁa
NO HsC NO HsC €O (1)
M= Mo, W R, = MePh(1-C, H,)

(8) All experiments were carried out under nitrogen by using dried and
deaerated solvents.

(9) 'H NMR (6 relative to Me,Si in CgDg) 7-8.3 (m, aromatic), 4.70 (s,
CgH;), 1.33 (s) and 1.37 (s) (CH;Ge), 0.78 (s) and 0.80 (s) (CH;Mo).

(10) Addition of (triphenylgermyl)lithium to (7°-CsHg)Mo(CO),NO at
~78 °C and further methylation at room temperature affords a mixture
of the three isomers.® However, when the addition of germyllithium is
carried out at room temperature, only the trans isomer is obtained after
alkylation.

(11) For optically inactive complexes the trans isomer has IR absorp-
tions at ~2010 cm™, while the cis isomers absorb ~1925 em™. Cf. ref
3.

(12) Starting with (S)-(-)-MePh(1-C,,H;)GeH less soluble complex:
mp 115-116 °C dec; []p —130°, [a]%gs ~140°, [a]By ~184°, [a]B 5
-483° (benzene); 'H NMR signals at § 1.33 and 0.78. More soluble
complex: mp 78-80 °C dec; [a]®p +123°, [a]Bgs +134°, [a] By +179°,
[a]?® 436 +381° (benzene).

(13) All new complexes gave satisfactory elemental analyses (£0.4%).

(14) Eaborn, C,; Hill, R. E. E.; Simpson, P. J. Organomet. Chem. 1968,
15, P1; 1972, 37, 267 and 275. Carré, F.; Corriu, R. J. Organomet. Chem.
1974, 65, 349.

(15) From 10 mmol of germyllithium and 10 mmol of (35-CyHg)W-
(CO),NO (8.34 g) were obtained 3.1 g of the mixture of diastereoisomers
(yield 51%).

The ORD curves for the (+) and (-) diastereoisomers
(for M = Mo, W), which differ only in the transition-metal
configuration, are almost mirror images of each other,
because the ORD is mainly determined by the metal
chromophore and the chirality in the ligands makes only
minor contributions. This observation has been reported
previously.>!®

These complexes do not epimerize in solution at 25 °C
for 24 h. However, at 60 °C a slow decomposition occurs,
and in 1 h the optical rotation is only the half of that of
the starting material. UV irradiation leads to fast de-
composition.

This work is of particular significance for two reasons:
(i) this is the first example of the resolution of diastereo-
isomeric complexes of a transition metal, in which the
latter is chiral, having five different and independent lig-
ands, and (ii) we report here the use of an optically active
metalloid (germanium) to resolve optically active com-
plexes of a metal (molybdenum or tungsten). The ad-
vantage of this method, compared to the resolution by
means of phosphines, consists of the fact that the forma-
tion of the Ge~metal bond is not reversible and avoids any
epimerization through a reversible process.

Registry No. (75-CsH;)Mo(CO)(NO)(GeR;)CHj isomer 1, 81521-
58-6; (n5-CsH5)Mo(CO)(NO)(GeR3)CHj; isomer 2, 81496-99-3; (n°-
CsHz) W(CO)(NO)(GeR;)CH; isomer 1, 81521-57-5; (n5-CsHgz)W-
(CO)(NO)(GeR;3)CHj, isomer 2, 81496-98-2; (15-C;H;)Mo(CO),NO,
12128-13-1; (n*-CyH5)W(CO),NO, 12128-14-2; (S)-(-)-MePh(1-
CyoH7)GeH, 22430-39-3; (R)-(+)-MePh(1-C,oH,)GeH, 23190-27-4;
MePh(1-C,oH,)GeLi isomer 1, 41839-37-6; MePh(1-C,oH;)GeLi iso-
mer 2, 41839-66-1.

(16) '"H NMR (¢ relative to Me,Si in CgDg) 6.8-8.5 (m, aromatic), 4.66
(s, CsHy), 1.38 (s) and 1.42 (s) (CH;Ge), 0.82 (s) and 0.85 (s) (CH;W); IR
(CH,Cly) for both diastereoisomers »(CO) 2010, »(NO) 1635 cm™.

(17) Starting with (R)-(+)-MePh(1-C,;H;)GeH less soluble complex:
mp 140-141 °C; [a]®y +164°, [a]®gg +176°, [a]Bse + 228°, [a)® g,
+422°; 'H NMR signals at 6 1.38 and 0.82. More soluble complex: mp
118-120 °C; [a]®p ~144°, []Bs —155°, [a)Bg ~211°, (o] 5 ~239°.

(18) Brunner, H. Angew. Chem., Int. Ed. Engl. 1971, 10, 249.

Stereochemistry of Nucleophilic Cleavage of Silicon
(or Germanium)-Transition Metal Bonds. The Case
of Octahedral Complexes: an Exception to the
Leaving Group Rule

Geneviéve Cerveau, Ernesto Colomer, and
Robert J. P. Corriu*
Latoratoire des Organométalliques
Equipe de Recherche Assoclée au C.N.R.S. No. 554
Université des Sciences et Techniques du Languedoc
34060 Montpelller-Cédex, France

Received January 8, 1982

Summary: Nucleophilic cleavage of hexacoordinated
compiexes of Mn, Re, and W always takes place with low
retention of configuration (stereoselectivity from 55 to
70%). Such retention is observed whatever the nature
of the ligands. Whether they are in the cis or trans pos-
ition to the silyl or germyl group in the octahedral structure
has no effect.

The factors which control nucleophilic substitution at
silicon are now well-known.!? These reactions generally

(1) Sommer, L. H. “Sterecchemistry, Mechanism and Silicon”
McGraw-Hill, New-York 1965. .
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orange color of the complex turned brown.® After the
golution was stirred at room temperature for 5 h, the
solvent was pumped off and the residue taken up in 50 mL
of CH,Cl,; then 2 g of Et,NCl dissolved in 10 mL of CH,Cl,
was added at room temperature. The solution was filtered
through a fritted funnel (G4), the solvent pumped off, and
the residue taken up in THF. After filtration, THF was
pumped off and the residue dissolved in CH,Cl,. Slow
addition of hexane formed two layers, and the mixture was
left at —20 °C. After 3—4 days a brown gum precipitated;
this gum was freed from the solvent and dissolved in THF.
To this solution was added 2 mL of CH,I at room tem-
perature; a precipitate of Et,NI appeared and the brown
solution turned orange-yellow. The solvent was pumped
off and the residue dissolved in toluene and filtered. The
solution was concentrated and chromatographed on silica
gel using toluene/hexane (1/1) as eluant. A yellow band
was collected and the solvent removed to leave an or-
ange-yellow solid residue (1.30 g, yield 25%). The 'H
NMR? spectrum of the product corresponds to a mixture
of two diastereoisomers, which have the CO and NO lig-
ands trans each to other as deduced from the IR spectrum
(»(CO) 2010, »(NO) 1650 cm™ in CH,Cl,1%!1), Fractionnal
crystalization from toluene/hexane (for the less soluble
diastereoisomer) and from hexane (for the more soluble
diai%tgreoisomer) allowed the separation of both complex-
es.l%

The configurations at molybdenum are unknown.
However, the configuration at germanium should be the
same as in the starting germane, since optically active
germyllithium is known to react always with retention of
configuration in its reactions either with organic sub-
strates®1* or with transition-metal complexes.’

The same procedure with (3%-C;H;) W(CO),NO" led to
the formation of a mixture of diasterecisomers where M
= W (eq 1)!51% which are separated as above.?

&> <o

RaGelLi EtgNCI
— ———ipne

M M Li
-co -LicCl
o | no 0 | Neers '
co NO
CHal
M EtgN —== M, + M,
CO/ l \GeR3 OC\‘\l \”/GeR3 ON\\\ \///Geﬁa
NO HsC NO HsC €O (1)
M= Mo, W R, = MePh(1-C, H,)

(8) All experiments were carried out under nitrogen by using dried and
deaerated solvents.

(9) 'H NMR (6 relative to Me,Si in CgDg) 7-8.3 (m, aromatic), 4.70 (s,
CgH;), 1.33 (s) and 1.37 (s) (CH;Ge), 0.78 (s) and 0.80 (s) (CH;Mo).

(10) Addition of (triphenylgermyl)lithium to (7°-CsHg)Mo(CO),NO at
~78 °C and further methylation at room temperature affords a mixture
of the three isomers.® However, when the addition of germyllithium is
carried out at room temperature, only the trans isomer is obtained after
alkylation.

(11) For optically inactive complexes the trans isomer has IR absorp-
tions at ~2010 cm™, while the cis isomers absorb ~1925 em™. Cf. ref
3.

(12) Starting with (S)-(-)-MePh(1-C,,H;)GeH less soluble complex:
mp 115-116 °C dec; []p —130°, [a]%gs ~140°, [a]By ~184°, [a]B 5
-483° (benzene); 'H NMR signals at § 1.33 and 0.78. More soluble
complex: mp 78-80 °C dec; [a]®p +123°, [a]Bgs +134°, [a] By +179°,
[a]?® 436 +381° (benzene).

(13) All new complexes gave satisfactory elemental analyses (£0.4%).

(14) Eaborn, C,; Hill, R. E. E.; Simpson, P. J. Organomet. Chem. 1968,
15, P1; 1972, 37, 267 and 275. Carré, F.; Corriu, R. J. Organomet. Chem.
1974, 65, 349.

(15) From 10 mmol of germyllithium and 10 mmol of (35-CyHg)W-
(CO),NO (8.34 g) were obtained 3.1 g of the mixture of diastereoisomers
(yield 51%).

The ORD curves for the (+) and (-) diastereoisomers
(for M = Mo, W), which differ only in the transition-metal
configuration, are almost mirror images of each other,
because the ORD is mainly determined by the metal
chromophore and the chirality in the ligands makes only
minor contributions. This observation has been reported
previously.>!®

These complexes do not epimerize in solution at 25 °C
for 24 h. However, at 60 °C a slow decomposition occurs,
and in 1 h the optical rotation is only the half of that of
the starting material. UV irradiation leads to fast de-
composition.

This work is of particular significance for two reasons:
(i) this is the first example of the resolution of diastereo-
isomeric complexes of a transition metal, in which the
latter is chiral, having five different and independent lig-
ands, and (ii) we report here the use of an optically active
metalloid (germanium) to resolve optically active com-
plexes of a metal (molybdenum or tungsten). The ad-
vantage of this method, compared to the resolution by
means of phosphines, consists of the fact that the forma-
tion of the Ge~metal bond is not reversible and avoids any
epimerization through a reversible process.

Registry No. (75-CsH;)Mo(CO)(NO)(GeR;)CHj isomer 1, 81521-
58-6; (n5-CsH5)Mo(CO)(NO)(GeR3)CHj; isomer 2, 81496-99-3; (n°-
CsHz) W(CO)(NO)(GeR;)CH; isomer 1, 81521-57-5; (n5-CsHgz)W-
(CO)(NO)(GeR;3)CHj, isomer 2, 81496-98-2; (15-C;H;)Mo(CO),NO,
12128-13-1; (n*-CyH5)W(CO),NO, 12128-14-2; (S)-(-)-MePh(1-
CyoH7)GeH, 22430-39-3; (R)-(+)-MePh(1-C,oH,)GeH, 23190-27-4;
MePh(1-C,oH,)GeLi isomer 1, 41839-37-6; MePh(1-C,oH;)GeLi iso-
mer 2, 41839-66-1.

(16) '"H NMR (¢ relative to Me,Si in CgDg) 6.8-8.5 (m, aromatic), 4.66
(s, CsHy), 1.38 (s) and 1.42 (s) (CH;Ge), 0.82 (s) and 0.85 (s) (CH;W); IR
(CH,Cly) for both diastereoisomers »(CO) 2010, »(NO) 1635 cm™.

(17) Starting with (R)-(+)-MePh(1-C,;H;)GeH less soluble complex:
mp 140-141 °C; [a]®y +164°, [a]®gg +176°, [a]Bse + 228°, [a)® g,
+422°; 'H NMR signals at 6 1.38 and 0.82. More soluble complex: mp
118-120 °C; [a]®p ~144°, []Bs —155°, [a)Bg ~211°, (o] 5 ~239°.

(18) Brunner, H. Angew. Chem., Int. Ed. Engl. 1971, 10, 249.

Stereochemistry of Nucleophilic Cleavage of Silicon
(or Germanium)-Transition Metal Bonds. The Case
of Octahedral Complexes: an Exception to the
Leaving Group Rule

Geneviéve Cerveau, Ernesto Colomer, and
Robert J. P. Corriu*
Latoratoire des Organométalliques
Equipe de Recherche Assoclée au C.N.R.S. No. 554
Université des Sciences et Techniques du Languedoc
34060 Montpelller-Cédex, France

Received January 8, 1982

Summary: Nucleophilic cleavage of hexacoordinated
compiexes of Mn, Re, and W always takes place with low
retention of configuration (stereoselectivity from 55 to
70%). Such retention is observed whatever the nature
of the ligands. Whether they are in the cis or trans pos-
ition to the silyl or germyl group in the octahedral structure
has no effect.

The factors which control nucleophilic substitution at
silicon are now well-known.!? These reactions generally

(1) Sommer, L. H. “Sterecchemistry, Mechanism and Silicon”
McGraw-Hill, New-York 1965. .
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are stereoselective: a Ry3Si-X (R; = MePh(1-C,;H;)) bond
is substituted either with predominant retention or with
predominant inversion of configuration at silicon de-
pending on several factors, in particular: (i) the nature of
the leaving group X and (ii) the electronic character of the
nucleophilic reagent. The same factors are important for
optically active compounds of germanium.®

We have tried to extend these rules to the case of silicon
(or germanium)-transition metal bonds. We observed
previously that the cleavage of a silicon (or germani-
um)-transition metal bond by LiAlH, proceeds by nu-
cleophilic attack at silicon (or germanium). Such com-
pounds are good examples for these stereochemical studies
because it is very easy to change the nature of the leaving
group by means of the electronic character of the ligands
at the transition metal.

The results obtained in the cleavage by LiAlH, of cobalt
complexes of the type (CO);LCoMR; (L = CO and PR,
for M = Si and Ge and L = C(OEt)(n-Bu) for M = Ge)®6
are in good agreement with the general rules on nucleo-
philic displacement at silicon:” they vary from predomi-
nant inversion to predominant retention of configuration,
depending on the nature of the ligands (Scheme I).
(C0),Co is a poor nucleophile® and thus it behaves as a
good leaving group: 90% inversion is observed. Substi-
tution of one carbonyl by electron-donating ligands de-
creases the ability of the transition metal to be substi-
tuted,’ in the order CO > P(OPh); > PPh; > C(OEt)R,
and the percentage of inversion decreases in the same order

(2) Corriu, R. J. P. J. Orgeanomet. Chem. Libr. 1980, 9, 357. Corriu,
11. J. P.; Guérin, C. J. Organomet. Chem. 1980, 198, 231 and references
therein.

(3) Eaborn, C.; Hill, R. E. E,; Simpson, P. J. Organomet. Chem. 1972,
37, 251, Brook, A. G.; Peddle, G. J. D. J. Am. Chem. Soc. 1963, 85, 2338,
Carré, F.; Corriu, R. J. Organomet. Chem. 1974, 65, 343.

(4) Colomer, E.; Corriu, R. J. P.; Vioux, A. J. Chem. Res., Synop. 1977,
168; J. Chem. Res., Miniprint 1977, 1939.

(5) Colomer, E.; Corriy, R. J. P. J. Chem. Soc., Chem. Commun. 1976,
176; J. Organomet. Chem. 1977, 133, 159.

(6) Cerveau, G.; Colomer, E.; Corriu, R. J. P. Angew. Chem., Int. Ed.
Engl. 1981, 20, 478.

(7) Sommer, L. H.; Frye, C. L.; Musolf, M. C.; Parker, G. A.; Rodewald,
P. G.; Michael, K. W.; Okaya, Y.; Pepinsky, R. J. Am. Chem. Soc. 1961,
83, 2210.

(8) King, R. B. Acc. Chem. Res. 1970, 3, 417.

(9) Curtis, M. D. Inorg. Chem. 1972, 11, 802.
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Table I. Cleavage Reactions with LiAlH, in Et,0'¢

fa]*p stereo-
(pentane), chemistry
compd deg %

(CO),MnSiR, ~107 71 RN
PPh,(CO) ,MnSiR, -150 66 RN
(CO),MnGeR, -60.5 57 RN
(CO),[C(OEt)Me]MnGeR, -369 57 RN
(CO),[C(OEt)Me]MnGeR, -369 62 RN®
(CO),[C(OEt)Me]ReGeR, -239 53 RN
(CO),NOWGeR. ¢ -85 67 RN

2 RN = retention. ? Solvent = dimethoxyethane.
Maximum rotations: MePh(1-C, H,)SiH [a]*p #36° and
MePh(1-C,,H,)GeH [a ]* £26.7° (cyclohexane). The
percentages of stereochemistry are calculated as defined
in ref 15, assuming that all complexes are optically pure.

Table II. Comparative Stereochemistries for
Nucleophilic Cleavages with Different Reagents®

stereochemistry
% for % for
nucleophile (CO),MnSiR, R,SiF
LiAlH, 71 RN
(suspension in Et,0) .
LiAlH, 69 RN
(suspension in DME)
LiAlH, 68 RN  95INVY
(solution in Et,0)
LiAlH,/LiBr 67 RN 62 RNV
(solution in Et,0)
ROH 57 RN®
ROH/RONa 53 RN 80 INV,3 57 INV /s
94 RN,%"® 100 RN#&®
H,0 66 RN

% DME = dimethoxyethane; RN = retention; INV =
inversion. ® R =Me. ¢ R=Me, MeOH (mol)/MeONa
(mol)=4.3. ¢ R = n-Bu, n-BuOH (mol)/n-BuONa
(mol) = 38. € R = n-Bu, n-BuOH (mol)/n-BuONa (mol) =
1.5. T R=i-Pr, i-PrOH (mol)/i-PrONa (mol)= 66. # R =
i-Pr, i-PrOH (mol)/i-PrONa (mol) = 4.3. Cleavage reac-
tions with water, methanol, and methanol/methoxide,
respectively, led to silanol and methoxysilane which are
reduced to the respective silane with full retention of con-
figuration.' The stereochemistries were determined as
described previously with Walden cycles.*

(Scheme I).6 Furthermore, changes in stereochemistry
were observed by changing the nature of the nucleophile.!

Nevertheless, we have recently noticed one exception.
The complex (CO),(NO)WGeR;, in spite of its electronic
similarity with (CO),CoMR;, was cleaved with predomi-
nant retention of configuration instead of the expected
inversion (Scheme II).8 In order to understand better the
nature of the silicon (or germanium)-transition metal
bond, we have investigated other complexes in which the
transition metal is surrounded by the same type of ligands.
Thus, we synthesized two sets of complexes, (CO) LM~
M'R; (where L = CO, PPhy, M = Mn, M’ = Si,and L =
CO, C(OEt)Me, M = Mn, Re, M’ = Ge),!! and we studied

(10) Cerveau, G.; Colomer, E.; Corriu, R. J. P., unpublished results.
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their cleavage by different nucleophiles. The stereochem-
istries were determined through Walden cycles as shown
in Scheme III

We confirmed that the cleavage takes place by nucleo-
philic attack at silicon since reaction of (CO);MnSiPh; with
LiAlD, gave only PhySiD. The results obtained for the
cleavage reaction with LiAlH, are reported in Table I
The stereochemistry observed was always predominant
retention of configuration whatever the nature of the lig-
ands and the structure of the complex (cis or trans).

We cleaved the optically active complex
(CO);MnSiMePh(1-C,,H;) with different nucleophiles.
Our results are reported in Table II. The stereochemistry
is always predominant retention of configuration. This is
the first case in which the stereochemistry of nucleophilic
displacement at silicon is quite independent of the elec-
tronic features of both leaving group and attacking nu-
cleophile. For complexes such as (CO)sMnSiR;, the leaving
group (CO);Mn, like (CO),Co, is a poor nucleophile.? It
should be a good leaving group, and inversion of configu-
ration is the normally expected stereochemistry.l? The
replacement of a CO ligand by electron-donating ligands
does not change the stereochemistry of the cleavage re-
action in contrast to the cobalt-silicon cleavage.®

When the electronic character of the nucleophilic
reagent was changed, no change in stereochemistry was
observed. In particular, we have selected two known ex-
amples: (i) the use of LiAlH,/LiBr, instead of LiAlH,,
which causes a change in the stereochemistry from pre-
dominant inversion to retention of configuration for some
fluorosilanes!’ (Table II) and (ii) the addition of MeONa
to MeOH, which displaces the stereochemistry from pre-
dominant inversion to retention!® (Table II). Such effects
are not observed in the case of the manganese complexes.
In all cases a low retention of configuration was obtained.
The main difference between cobalt and manganese (or
rhenium or tungsten) compounds is their geometry: cobalt
complexes are trigonal bipyramidal; the others are octa-
hedral. We believe that this first reported exception to
the leaving group rule, observed for octahedral complexes,
is certainly connected with their geometry.

Further work is in progress in order to determine
whether or not the mechanism is actually the same in the
two cases.

Registry No. (S)-(-)-(CO);MnSiMePh(1-C;H;), 81476-81-5;
(R)-(+)-(CO)sMnGeMePh(1-C,H,), 81476-82-6; trans-(S)-(-)-

(11) (CO)sMnM'R; (M’ = Si, Ge) were prepared by thermal reaction
at 150° between (CO);Mn, and optically active MePh(1-C,,H,)M'H
according to: Jetz, W.; Simons, P. B.; Thompson, J. A. G.; Graham, W
A. G. Inorg. Chem. 1966, 5, 2217. These compounds were oils, and their
optical purity is therefore unknown. Starting with (R)- (+) MePh(1-

C;oH7)SiH,!? we obtained (S)-(-)-(CO)sMnSiMePh(1-C;oH;) [«]%p -107°
(pentane), and with (S)-(-)- MePh(l C,oH;)GeH,"® we obtained (R)-
(+)-(C0O);MnGeMePh(1-C,gH7) [«]®p +60.5° (pentane). We assume in
our calculations that these maximum rotations correspond to the optically
pure compounds. trans-(S)-(-)-PPhs(CO) MnSiR,, [«]}®p ~150°, was
obtained as orange crystals, mp 201-203 °C, from (R)-(+)-R;SiH, ac-
cording to: Schrieke, R. R.; West, B. O. Aust. J. Chem. 1969, 22, 49.
cis-(8)-(-)-(CO)[C(OEt)Me]MGeR; (M = Mn, Re) was prepared as in
ref 14. All complexes have the same absolute configuration as the starting
materials for the same reasons invoked in ref 5 and 6. New complexes
gave satisfactory elemental analyses (£0.4 %).

(12) Corriu, R. J. P.; Moreau, J. J. E. Bull. Soc. Chim. Fr. 1975, 901.

(13) Brook, A. G.; Peddle, G. J. D. J. Am. Chem. Soc. 1963, 85, 1869.

(14) Carré, F.; Cerveau, G.; Colomer, E.; Corriu, R. J. P. J. Organomet.
Chem., in press.

(15) Sommer, L. H.; Citron, J. D.; Parker, G. A. J. Am. Chem. Soc.
1969, 91, 4729.

(16) Cleavage reactions were performed as in ref 4.

(17) Corriu, R. J. P.; Fernandez, J. M.; Guérin, C. Tetrahedron Lett.
1978, 3391.

(18) Sommer, L. H.; Fujimoto, H. J. Am. Chem. Soc. 1969, 91, 7040.

(19) Reference 1, p 73.

PPhy(CO) MnSiMePh(1-CyoH,), 81476-83-7; cis-(S)-(-)-(CO)
[CIOEt)Me]MnGeMePh(1-C,,H,), 81476-84-8; cis-(S)-(-)-(C0),[C-
(OEt)Me]ReGeMePh(1-C,oH;), 81476-85-9; (R)-(+)-MePh(1-
CyoH7)SiH, 1025-08-7; (S)-(-)-MePh(1-C,oH,)GeH, 22430-39-3;
Mny(CO)yo, 10170-69-1.

Carbon Monoxide Insertion into a Uranlum-Carbon
Double Bond. The Structure of
(7°-C5H;)3U(7*-OCCH)P(CH,)(C¢H;),

Roger E. Cramer,* Richard B. Maynard,
Josephine C. Paw, and John W. Gllje*

Department of Chemistry, University of Hawaii
Honolulu, Hawaii 96822

Received December 4, 1981

Summary: The complex (n°-CsHs)sU(n%-OCCH)P-
(CH3)CgH;s), crystallizes in the monoclinic space group
P2,/c with four molecules per unit cell of dimensions a
= 16.54 (2) A, b= 1031 (1) A, c = 17.372(9)A, 8 =
117.60 (6)°, V = 2962 (4) A%, and p_,q = 1.51 g/cm®.
The structure has been refined by the least-squares me-
thod to the final error indices on Fof R, = 0.053 and R,
= 0.063 with 112 variables and 1536 data. The three
n°-cyclopentadienyl ligands and a n2-3-ketoylide coordi-
nate tetrahedrally about the uranium(IV) ion. Within the
7%-CO unit, the U-O distance 2.27 (1) A is shorter than
the U-C distance 2.37 (2) A.

We have recently prepared and determined the structure
of (n°-CsH;);U=CHPR; (1),! in which the uranium—carbon
bond can be ascribed multiple bond character.? Since the
availability of 1 presents an opportunity to examine the
behavior of the heretofore unknown uranium carbon
double bond, we have begun to investigate the chemistry
of 1. We report here a facile CO insertion into this bond.

Solutions of 1 in toluene react with CO under atmos-
pheric pressure. At ambient temperature, green toluene
solutions of 1 become red within 0.5 h. After concentra-

1+ CO(l atm) __’ (1’] 'C5H5)3U(172 OCCH)PR1R2R3
a, R CH3, R2 R3 C6H5

2b, R, = R, = CH,, R, = C.H,

(1)

tion and addition of heptane, red crystalline 2 precipitates
at —-15 °C. Spectroscopic and chemical analysis indicate
the formulation shown in eq 1.2  NMR demonstrates that
the Cp;U and CHPR; groups retain their integrity and
molecular weight measurements show 2a to be monomeric
in benzene solution. Since these data do not determine
the details of the carbon monoxide binding, a single-crystal

(1) Cramer, R. E.; Maynard, R. B.; Gilje, J. W. Inorg. Chem. 1981, 20,
2466-2470.

(2) Cramer, R. E; Paw, J. C.; Maynard, R. B,; Gilje, J. W. J. Am.
Chem. Soc. 1981, 103, 3589-3590.

(3) 2a: NMR (*H in Cg¢Dyg, chemical shifts relative to internal CgHg,
positive shifts downfield) +53.64 (1 H, d, Jycp = 35 Hz), -0.40 (4 H, dd,
JHCP =12 HZ JHCCH =17 HZ), -1.09 (2 H t, JHCCH 7 HZ -1.51 (4 H
t, Juccr = 7 Hz) -6.88 (3 H, d, JHCP =14 Hz) ~18.61 ppm (15 H, 8).

Anal. Caled for UPOCWH”: , 53.41; H, 4.34; P, 4.59; mol wt 675.
Found: C, 55.65; H, 4.45; P, 4.60; mol wt 719 (cryoscopic in benzene). 2b:
NMR (*H in CgDg, chemical shifts relative to internal C¢Hg, positive shifts
downfield) +56.30 (1 H, d, Jucp = 36 Hz), <0.80 (2 H, dd, Jycp = 12 Hz,
JHCCH =17 HZ), -1.31 (1 H, t, JHCCH =17 HZ), -1.85 (2 H, t, JHCCH =17 HZ),
-6.07 (6 H, d, Jycp = 14 Hz), ~18.58 ppm (15 H, s). Anal. Calcd for
UPOC4H,: C, 49.02; H, 4.45; P, 5.06. Found: C, 48.09; H, 4.47; P, 5.05.

0276-7333/82/2301-0869%01.25/0 © 1982 American Chemical Society
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their cleavage by different nucleophiles. The stereochem-
istries were determined through Walden cycles as shown
in Scheme III

We confirmed that the cleavage takes place by nucleo-
philic attack at silicon since reaction of (CO);MnSiPh; with
LiAlD, gave only PhySiD. The results obtained for the
cleavage reaction with LiAlH, are reported in Table I
The stereochemistry observed was always predominant
retention of configuration whatever the nature of the lig-
ands and the structure of the complex (cis or trans).

We cleaved the optically active complex
(CO);MnSiMePh(1-C,,H;) with different nucleophiles.
Our results are reported in Table II. The stereochemistry
is always predominant retention of configuration. This is
the first case in which the stereochemistry of nucleophilic
displacement at silicon is quite independent of the elec-
tronic features of both leaving group and attacking nu-
cleophile. For complexes such as (CO)sMnSiR;, the leaving
group (CO);Mn, like (CO),Co, is a poor nucleophile.? It
should be a good leaving group, and inversion of configu-
ration is the normally expected stereochemistry.l? The
replacement of a CO ligand by electron-donating ligands
does not change the stereochemistry of the cleavage re-
action in contrast to the cobalt-silicon cleavage.®

When the electronic character of the nucleophilic
reagent was changed, no change in stereochemistry was
observed. In particular, we have selected two known ex-
amples: (i) the use of LiAlH,/LiBr, instead of LiAlH,,
which causes a change in the stereochemistry from pre-
dominant inversion to retention of configuration for some
fluorosilanes!’ (Table II) and (ii) the addition of MeONa
to MeOH, which displaces the stereochemistry from pre-
dominant inversion to retention!® (Table II). Such effects
are not observed in the case of the manganese complexes.
In all cases a low retention of configuration was obtained.
The main difference between cobalt and manganese (or
rhenium or tungsten) compounds is their geometry: cobalt
complexes are trigonal bipyramidal; the others are octa-
hedral. We believe that this first reported exception to
the leaving group rule, observed for octahedral complexes,
is certainly connected with their geometry.

Further work is in progress in order to determine
whether or not the mechanism is actually the same in the
two cases.

Registry No. (S)-(-)-(CO);MnSiMePh(1-C;H;), 81476-81-5;
(R)-(+)-(CO)sMnGeMePh(1-C,H,), 81476-82-6; trans-(S)-(-)-

(11) (CO)sMnM'R; (M’ = Si, Ge) were prepared by thermal reaction
at 150° between (CO);Mn, and optically active MePh(1-C,,H,)M'H
according to: Jetz, W.; Simons, P. B.; Thompson, J. A. G.; Graham, W
A. G. Inorg. Chem. 1966, 5, 2217. These compounds were oils, and their
optical purity is therefore unknown. Starting with (R)- (+) MePh(1-

C;oH7)SiH,!? we obtained (S)-(-)-(CO)sMnSiMePh(1-C;oH;) [«]%p -107°
(pentane), and with (S)-(-)- MePh(l C,oH;)GeH,"® we obtained (R)-
(+)-(C0O);MnGeMePh(1-C,gH7) [«]®p +60.5° (pentane). We assume in
our calculations that these maximum rotations correspond to the optically
pure compounds. trans-(S)-(-)-PPhs(CO) MnSiR,, [«]}®p ~150°, was
obtained as orange crystals, mp 201-203 °C, from (R)-(+)-R;SiH, ac-
cording to: Schrieke, R. R.; West, B. O. Aust. J. Chem. 1969, 22, 49.
cis-(8)-(-)-(CO)[C(OEt)Me]MGeR; (M = Mn, Re) was prepared as in
ref 14. All complexes have the same absolute configuration as the starting
materials for the same reasons invoked in ref 5 and 6. New complexes
gave satisfactory elemental analyses (£0.4 %).

(12) Corriu, R. J. P.; Moreau, J. J. E. Bull. Soc. Chim. Fr. 1975, 901.

(13) Brook, A. G.; Peddle, G. J. D. J. Am. Chem. Soc. 1963, 85, 1869.

(14) Carré, F.; Cerveau, G.; Colomer, E.; Corriu, R. J. P. J. Organomet.
Chem., in press.

(15) Sommer, L. H.; Citron, J. D.; Parker, G. A. J. Am. Chem. Soc.
1969, 91, 4729.

(16) Cleavage reactions were performed as in ref 4.

(17) Corriu, R. J. P.; Fernandez, J. M.; Guérin, C. Tetrahedron Lett.
1978, 3391.

(18) Sommer, L. H.; Fujimoto, H. J. Am. Chem. Soc. 1969, 91, 7040.

(19) Reference 1, p 73.
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CyoH7)SiH, 1025-08-7; (S)-(-)-MePh(1-C,oH,)GeH, 22430-39-3;
Mny(CO)yo, 10170-69-1.
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Double Bond. The Structure of
(7°-C5H;)3U(7*-OCCH)P(CH,)(C¢H;),

Roger E. Cramer,* Richard B. Maynard,
Josephine C. Paw, and John W. Gllje*

Department of Chemistry, University of Hawaii
Honolulu, Hawaii 96822

Received December 4, 1981

Summary: The complex (n°-CsHs)sU(n%-OCCH)P-
(CH3)CgH;s), crystallizes in the monoclinic space group
P2,/c with four molecules per unit cell of dimensions a
= 16.54 (2) A, b= 1031 (1) A, c = 17.372(9)A, 8 =
117.60 (6)°, V = 2962 (4) A%, and p_,q = 1.51 g/cm®.
The structure has been refined by the least-squares me-
thod to the final error indices on Fof R, = 0.053 and R,
= 0.063 with 112 variables and 1536 data. The three
n°-cyclopentadienyl ligands and a n2-3-ketoylide coordi-
nate tetrahedrally about the uranium(IV) ion. Within the
7%-CO unit, the U-O distance 2.27 (1) A is shorter than
the U-C distance 2.37 (2) A.

We have recently prepared and determined the structure
of (n°-CsH;);U=CHPR; (1),! in which the uranium—carbon
bond can be ascribed multiple bond character.? Since the
availability of 1 presents an opportunity to examine the
behavior of the heretofore unknown uranium carbon
double bond, we have begun to investigate the chemistry
of 1. We report here a facile CO insertion into this bond.

Solutions of 1 in toluene react with CO under atmos-
pheric pressure. At ambient temperature, green toluene
solutions of 1 become red within 0.5 h. After concentra-

1+ CO(l atm) __’ (1’] 'C5H5)3U(172 OCCH)PR1R2R3
a, R CH3, R2 R3 C6H5

2b, R, = R, = CH,, R, = C.H,

(1)

tion and addition of heptane, red crystalline 2 precipitates
at —-15 °C. Spectroscopic and chemical analysis indicate
the formulation shown in eq 1.2  NMR demonstrates that
the Cp;U and CHPR; groups retain their integrity and
molecular weight measurements show 2a to be monomeric
in benzene solution. Since these data do not determine
the details of the carbon monoxide binding, a single-crystal

(1) Cramer, R. E.; Maynard, R. B.; Gilje, J. W. Inorg. Chem. 1981, 20,
2466-2470.

(2) Cramer, R. E; Paw, J. C.; Maynard, R. B,; Gilje, J. W. J. Am.
Chem. Soc. 1981, 103, 3589-3590.

(3) 2a: NMR (*H in Cg¢Dyg, chemical shifts relative to internal CgHg,
positive shifts downfield) +53.64 (1 H, d, Jycp = 35 Hz), -0.40 (4 H, dd,
JHCP =12 HZ JHCCH =17 HZ), -1.09 (2 H t, JHCCH 7 HZ -1.51 (4 H
t, Juccr = 7 Hz) -6.88 (3 H, d, JHCP =14 Hz) ~18.61 ppm (15 H, 8).

Anal. Caled for UPOCWH”: , 53.41; H, 4.34; P, 4.59; mol wt 675.
Found: C, 55.65; H, 4.45; P, 4.60; mol wt 719 (cryoscopic in benzene). 2b:
NMR (*H in CgDg, chemical shifts relative to internal C¢Hg, positive shifts
downfield) +56.30 (1 H, d, Jucp = 36 Hz), <0.80 (2 H, dd, Jycp = 12 Hz,
JHCCH =17 HZ), -1.31 (1 H, t, JHCCH =17 HZ), -1.85 (2 H, t, JHCCH =17 HZ),
-6.07 (6 H, d, Jycp = 14 Hz), ~18.58 ppm (15 H, s). Anal. Calcd for
UPOC4H,: C, 49.02; H, 4.45; P, 5.06. Found: C, 48.09; H, 4.47; P, 5.05.

0276-7333/82/2301-0869%01.25/0 © 1982 American Chemical Society
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Figure 1. An ORTEP perspective drawing of (Cp);U(OCCH)P-
(CH3)(CgHy),.

Table II. Bond Lengths (A) and Angles (Deg) for
(n*-CH,),U(n*-OCCH)P(CH,)(C,H,),

Bond Lengths

U-0 2.27 (1) P-C(2) 1.77 (2)
U-C(1) 2.37(2) P-C(3) 1.85(2)
U-Cp® 2.81 (3) P-C(11) 1.79 (1)
C(1)-0 1.27 (3) P-C(21) 1.79 (1)
C(1)-C(2) 1.37(3)
Bond Angles

U-C(1)-C(2) 162(2) 0-U-C(1) 32 (1)
U-C(1)-0 69 (1) 0-C(1)-C(2) 128 (2)
U-0-C(1) 79 (1) P-C(2)-C(1) 116 (2)

@ Average U-C distance for the 15 carbons of the n*-
C.H, rings,

X-ray diffraction study of 2a was undertaken.

The structure was solved and refined routinely to yield
R, = 0.053 and R, = 0.063, using procedures and programs
which have been previously described.2 The C¢H; and
C;Hj rings were refined as rigid groups, with individual
isotropic thermal parameters, while all other atoms were
refined with anisotropic thermal parameters. A summary
of X-ray data and results is given in Table I, the molecular
structure is shown in Figure 1, and the more important
bond lengths and angles are given in Table II. The
positional and thermal parameters for the nongroup atoms
are listed in Table III, while those for group atoms are
listed in Table IV. Figure 1 shows that the carbon mon-
oxide has inserted into the uranium carbon bond forming
a (-ketoylide derivative. The CO functionality is »?
bonded, and, as with many organoactinide complexes, the
geometry about uranium is roughly tetrahedral if the Cp
centroids and midpoint of the C(1)-O bond are taken to
represent vertices of a polyhedron.

The structure of 2 bears superficial resemblance to
Th(n5-(CHjg)sCs]a[n*-(OCCH,)C(CH,),5]CL,* 3, Zr(n®-
C;5Hj;)2(n2-OCCHy)(CHj),b 4, Ti(n°-CsH;),(n?-OCCH,)CL,®
5, and [Mo(C1)(CO),[P(CHj;)s][#*-(OCCH,)Si(CHy);]]5," 6,
all of which are acyls formed by the insertion of a CO into
a metal carbon single bond. Bond lengths in 3, 4, 5, and
6 are consistent with electronic structure A. In the case

(4) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Day, V. W.; Vollmer,
S. H; Day, C. 8. J. Am. Chem. Soc. 1980, 102, 5393-96.

(5) Fachinetti, G; Fochi, G.; Floriani, C. J. Chem. Soc., Dalton Trans.
1977, 1946-1950.

(6) Fachinetti, G.; Floriani, C.; Stoeckli-Evans, H. J. Chem. Soc.,
Dalton Trans. 1977, 2297-2302.

(7) Guzman, C. E.; Wilkinson, G.; Atwood, J. L.; Rogers, R. D.; Hunter,
W. E.; Zaworotko, M. J. J. Chem. Soc., Chem. Commun. 1978, 465-466.

Communications

—0O|

7
M—C—R

A

of 2 insertion has occurred into a four-electron bond
permitting the formation of a double C(1)-C(2) bond, 1.37
(3) A in length. A single proton is observed on C(2) in the
NMR and the P-C(2) distance, 1.77 (2) A, indicates little
double or ylidic character.® This suggests that a resonance
form, B, is important for 2. However the C(1)-O bond,
0l
| PR3
Cpgy—C=¢{__ )

B

1.27 (3) A, in 2, while at least 2¢ longer than those found

for 3,1.18 (3) A,* 4, 1.18 (2) Af or 5, 1.211 (8) A,® does not

approach the 1.40 A expected for a C-O single bond, as

is found,? for example, in

OCHs3

iCH3C5H4HOC}zMn—C/
C—P(CHz)3

CH;

This, together with the planarity of atoms U, O, C(1), C(2),
and P, suggests a delocalized system and indicates that C,
in addition to B, is a contributing resonance form for 2.

/i

CpsU—C—C

PR3

\

SH

C

As with 3, and in contrast to 4, 5, or 6,* the U-O bond
in 2 is shorter than the U-C bond. The U-C distance, 2.37
(2) A, is comparable to the Th-C distance in 3, 2.44 (2) A,*
after correction is made for the 0.07 A larger ionic radius
of Th(IV).? However, the U-O bond in 2, 2.27 (1) A% is
about 20 shorter than the similar bond in 3, 2.37 (2) A,
after correcting for the difference in size of U(IV) and
Th(IV). This is consistent with the longer C(1)-O bond
in 2, a greater negative charge on O in 2 than 3, and a
stronger U-O bond in 2.

While 8-ketoylide metal complexes have not yet been
prepared via direct reaction of a 8-ketoylide with an or-
ganometallic reagent, a number of such complexes of the
later transition metals have recently been prepared by
indirect means.>'%1* The bonding in these molecules has
been described #19 in terms of D on the basis of X-ray

IE|Jl PR
L 3
M—C==C
e
D

structural data. This bears a close resemblance to C except
that in 2 both carbon and oxygen coordinate the metal,
reflecting the high affinity of actinides toward oxygen.

To our knowledge two CO insertion reactions with early
transition-metal complexes containing metal-carbon
double bonds have been reported. One of these products,

(8) Blau, H.; Malish, W. Angew. Chem. 1980, 92, 1065-6.

(9) Raymond, K. Acc. Chem. Res. 1980, 13, 276-283.

(10) Blau, H.; Malish, W.; Voran, S.; Blank, K.; Kroger, C. J. Orga-
nomet. Chem. 1980, 202, C33-C38.

(11) Malish, W.; Blau, H.; Schubert, U. Angew. Chem. 1980, 92,
1063-5.

(12) Knoll, L. Chem. Ber. 1978, 111, 814-816.

(13) Malish, W.; Blau, H.; Voran, S. Angew. Chem. 1978, 90, 827-8.
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(95-C5Hjg),(C)Zr[(OCCH)P(C¢Hj)5),* which has been
chemically but not structurally characterized would seem
to be a close analogue of 2. The second is an incompletely
characterized product formed from the reaction of (n°-
C;H;)2(C)Ta=—CH(C(CHy)3) with CO.”® Since a structure
of this molecule is not available, we can not yet compare
our product with those from analogous reactions with
alkylidenes.

Registry No. 1a, 77357-86-9; 1b, 77357-85-8; 2a, 81388-97-8; 2b,
81388-96-7.

Supplementary Material Available: Crystal and data
collection data (Table I), nongroup atom positional and thermal
parameters with standard deviations for (3>-CzH;);U(OCCH)P-
(CHy)2(CgHg) (Table III), positional and thermal parameters for
group atoms (Table IV), and observed and calculated structure
factors (Table V) (10 pages). Ordering information is given on
any current masthead page.

(14) Baldwin, J. C.; Keder, N. L.; Strouse, C. E.; Kaska, W. C. Z.
Naturforsch., B: Anorg. Chem. Org. Chem. 1980, 35B, 1289-1297.
(15) Schrock, R. R. Acc. Chem. Res. 1979, 12, 98-104.

Oxidative Addition of Methyl Iodide to a Dinuclear
Gold(I) Complex. The X-ray Crystal Structure of
Bis] u-(dimethyidimethylenephosphoranyl-C,C)]-
lodomethyidigold(11)(Au—-Au),
Au,[(CH,),P(CH,),],(CH;)I

John P. Fackler, Jr.,* and John D. Baslii

Department of Chemistry, Case Western Reserve University
Cleveland, Ohio 44106

Received November 30, 1981

Summary: The oxidative addition of alkyl halides to di-
nuclear species may produce two-electron oxidation at a
single center or one-electron oxidation at each of the two
centers. X-ray crystallographic structural studies show
that the product of CH,I addition to dinuclear gold(I) ylide
complexes occurs with the formation of one-electron
oxidation at each center and a Au—Au band (2.695 (4) A).

The oxidative addition of alkyl halides and related
species to transition-metal complexes plays an important
role in many M~-C bond-forming reactions and transi-
tion-metal-mediated catalytic processes.! While oxidative
addition has been studied in detail for reactions which
occur at a single metal center,! few well defined examples
involving two or more metal atom centers can be found.
Gray and co-workers? have reported the oxidative addition
of CHgl to Rhy(bridge),?*, but only spectroscopic data exist
concerning the nature of the product. Similarly Schmid-
baur and co-workers® have reported that CH,I adds to 1a
to produce 2a. Due to the photosensitivity of the product,
our initial attempts to reproduce these results (to obtain
a crystalline product) failed. Instead 3a was obtained along

(1) Collman, J. P.; Hegedus, L. S. “Principles and Applications of
Organotransition Metal Chemistry”; University Science Books: Mill
Valley, CA, 1980.

(2) Lewis, N. 8.; Mann, K. R.; Gordon II, J. G.; Gray, H. B. J. Am.
Chem. Soc. 1976, 98, 7461-7463.

(8) Schmidbaur, H.; Franke, R. Inorg. Chim. Acta 1975, 13, 85-89.
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Figure 1. ORTEP drawing (50% probability) of bis[u-(di-
methyldimethylenephosphoranXl-c,c)]-iodomethyldigold(II)(Au—
Au). Important distances (in A): Au(1)-Au(2) = 2.695 (4); Au-
(1)-CMe = 2.13 (5); Au(2)-1 = 2.894 (5); Au—CHy(av) = 2.14;
P-CHy(av) = 1.70; P-CHy(av) = 1.79. Some angles (in deg):
CMe-Au(1)-Au(2) = 177.5 (1.9); Au(1)-Au(2)-1 = 175.1 (2);
C(4)-Au(1)-Au(2) = 90.4 (1.7); C(6)-Au(2)-Au(l) = 91.0 (2.0);
C(6)-P(2)-C(8) = 112 (3).

with la and methylated products. The structures of both
la and 3a have been determined previously in our labo-
ratory.t

Added incentive for a detailed structural characteriza-
tion of 2 stems from the reported observation!® that 2
reacts with LiCHj, to produce the asymmetric mixed-valent
species 4.

Synthesis. The dimer la was prepared by established
methods.?® Using the same procedure with Ph,PMe
(Strem), 1b was also synthesized. The synthesis of 2a and
2b proceeded essentially as described,? except that rigorous
precautions were taken to prevent solutions of the products
from being exposed to light. Dry 1,2-dichloroethane
(stored over P,0,;) was used as the solvent. Products were
isolated by first filtering, adding a twofold excess of dry
(CaCl,) heptane, and cooling the solution to —18 °C ov-
ernight. The resulting yellow crystalline products were
washed (in air) with a few milliliters of cold toluene and
then with diethyl ether: yield 60-70%; for 2a mp 142-145
°C (lit.? 143 °C); for 2b mp 172 °C dec. Anal. Calcd for

(4) H.-W. Chen, C. Paparizos, and J. P. Fackler, Jr., to be submitted
for publication. Crystallographic data: 1a, [CH3);P(CH;),Aull,, mono-
clinic space group C;/¢, a = 10.292 (4) A b=9.622 (4) A, c =13.063 (3)
A, 8 =9527 (2)°, Z = 4, 985 data with § < 25°, and I/o (I) 2 3.0, u =
236.4 cm™, R = 12.8% with anistropic Au and no absorption correction;
3a, [(CH,),P(CHy),Au"l],, monoclinic space group P2/c, a = 6.252 (3)
A b =12.064 (T) A, c=11.559 (3) A, 8 = 101.20 (3)°, Z = 2, 1164 data
with I/a(I) 2 3.0, u = 214.58 cm™, R = 14.5% with anisotropic Au and
I and no absorption correction. Bond distances (A): for 1a, Au-Au =
3.005 (3), Au-CH; = 2.23 and 2.16; for 3a, Au—Au = 2.654 (4), Au-I =
2.699 (8), Au—CH, = 2.23 and 2.10.

(5) Schmidbaur, H. “Inorganic Syntheses”; Douglas, B. ., Ed.; Wiley
Interscience: New York, 1978; Vol. XVIII, p 138.

© 1982 American Chemical Society
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occur at a single metal center,! few well defined examples
involving two or more metal atom centers can be found.
Gray and co-workers? have reported the oxidative addition
of CHgl to Rhy(bridge),?*, but only spectroscopic data exist
concerning the nature of the product. Similarly Schmid-
baur and co-workers® have reported that CH,I adds to 1a
to produce 2a. Due to the photosensitivity of the product,
our initial attempts to reproduce these results (to obtain
a crystalline product) failed. Instead 3a was obtained along
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tion of 2 stems from the reported observation!® that 2
reacts with LiCHj, to produce the asymmetric mixed-valent
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Synthesis. The dimer la was prepared by established
methods.?® Using the same procedure with Ph,PMe
(Strem), 1b was also synthesized. The synthesis of 2a and
2b proceeded essentially as described,? except that rigorous
precautions were taken to prevent solutions of the products
from being exposed to light. Dry 1,2-dichloroethane
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(5) Schmidbaur, H. “Inorganic Syntheses”; Douglas, B. ., Ed.; Wiley
Interscience: New York, 1978; Vol. XVIII, p 138.
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2b, C,oHj, PoIAu, (fw 962.35): C, 36.19; H, 3.25. Found:
C, 35.97; H, 3.28.

FT 'H NMR spectra were obtained on Varian XL-100
and HA-100 spectrometers. For monitoring the decom-
position of 2b, the solvent CDCl; (99.8%, Norell) was
rigorously dried (refluxed over P,O,y) and freeze-pump-
thaw degassed. Samples were prepared and maintained
in a N, atmosphere. For all other NMR spectra, CDCl,
was dried over 4A molecular sieves.

X-ray Studies. Crystals of 2a appear to be air and light
stable. A clear yellow rectangular crystal 0.13 X 0.11 X
0.04 mm was attached to a glass fiber and centered opti-
cally on a Syntex P2, diffractometer. The structure, Figure
1, was determined by using 1567 reflections, § < 25.0°,
I/a(I) > 8.0, in a monoclinic cell® by standard crystallo-
graphic methods.!?

Although initial phasing proceeded normally, conver-
gence occurred with 1313 data, § < 22.5, not corrected for
absorption, at R = 0.146 (aniostropic Au, I, and P). While
no residuals greater than 2.0 e/A3 appeared in the dif-
ference Fourier, the C atoms refined poorly. Some con-
formational disorder was suspected. Absorption correc-
tions were applied to the data,?* additional reflections to
6 = 25.0° were added, and 118 axial or near axial reflections
were removed which appeared to suffer from secondary
extinction. With anomalous scattering corrections for Au
and I and anisotropic thermal parameters for all 14 atoms,
convergence occurred at R = 0.109 and R, = 0.106. Un-
fortunately large thermal motions and/or disorder appear
present in the refinement of many of the C positions, a
rather common occurrence with gold structures.?® Various
models which included disorder, large anisotropic thermal
motion, and even disorder within an acentric cell produced
no improvement in the refinement statistics. More im-
portantly, the basic coordination geometry of the Au,Cl
fragment did not change by more than two standard de-
viations from the positions found with the original model
using isotropic thermal parameters for the C atoms and
anisotropic parameters for the Au, I, and P atoms. Thus
we are confident that the bond lengths and angles for the
core reported here are correct. A full description of the
crystallographic treatment will be reported elsewhere.

The X-ray structure of 2a confirms the formulation of
the CH;l oxidative addition product to la as an iodo-
methyldigold(II) complex. The coordination geometry
about each gold atom is square planar with a twist of
~8.9° between planes. No crystallographic symmetry is
required but the molecular symmetry is approximately C,.
The Au(1)-Au(2) distance of 2.695 (4) A is much shorter
than the Au-Au distance* of 3.005 (3) A in la or in other’
gold(I) bis(phosphonium ylide) dimers, 2.962-3.023 A. It
is similar in length* to the observed distance of 2.654 (4)
A in 3a and the distance® of 2.597 A in Au,Cl,[(CH,),P-
(CoH)o)e.

The Au-I bond length in 2a is 0.20 A longer than in 3a
where it is? 2.699 (8) A. Surprisingly the structural trans
effect due to the methyl group is not significantly atten-

(6) Crystal data for Au,IP,CgH,5: mol wt 712.08, monoclinic, space
group P2,/n, a = 12.221 (2) 4&, b=12144 () A, c=11462 (1) A, 8 =
100.81 (1)°, Z = 4, p(caled) = 2.855 g cm™3, p(obsd) = 2.875 g cm™
(CH,I,/C¢HyBr solution), p = 202.7 cm™.

(7) (a) Schmidbaur, H.; Mandel, J. R.; Bassett, J.-M.; Blaschke, G.;
Zimmer-Gasser, B. Chem. Ber, 1981, 114, 433-440. (b) Schmidbaur, H.;
Scherm, H.-P.; Schubert, U. Ibid. 1978, 111, 764-9. (c) Schmidbaur, H.;
Wohleben, A.; Schubert, U.; Frank, A.; Huttner, G. Ibid. 1977, 110,
2751-2757. (d) Schmidbaur, H.; Mandl, J. E.; Richter, W.; Bejenke, V.;
Frank, A.; Huttner, G. Ibid, 1977, 110, 2236-2241. Schmidbaur, H. Acc.
Chem. Res. 1975, 8, 62.

(8) Schmidbaur, H.; Mandle, J. R.; Frank, A.; Huttner, G. Chem. Ber,
1976, 109, 466-472.

Communications

uated by the Au-Au bond. A STE of similar magnitude
is observed® in BryAu(u-Br);,AuMe, where the bridging
Au-Br bonds trans to methyl are ~0.15 A longer than
those trans to Br. The Au-CH, bond!® in Me;AuPPh,
trans to CHj; also is ~0.13 A longer than the bond trans
to PPh;. The Au—-CH; bond length in 2a is normal
(1.92-2.16 A).10-13

The only other structurally characterized halomethyl-
dimetal complexes are bromomethylbis[(x-CO)(n°>-CsHj;)-
Rh](Rh-Rh)!* and [Pd,(dpm),(u-I)I(CH;)]BF,.15 Both
were prepared by protonation of a u-CH, bridge rather
than by direct oxidative addition of CH;X. The addition
of 2 equiv of CH,l to the dinuclear complexes Pdy(dpm),!®
and [RhCl(CO)PR;],!® produces a two-electron oxidation
of each metal. One equivalent of CH;I oxidatively adds
to a single metal center of Rhy(u-S-£-Bu)y(CO),-
(PMegph)g.”’Zo

When the formation of 2b in CDCl; at —20 and +35 °C
is monitored by !H NMR, no signals other than those due
to la, 2a, and CH;l are detected. We have failed by this
technique to detect any intermediate Au~Au! species
which might be formed by initial oxidative addition at one
metal center. Both metal centers in 1 appear to be in-
volved intimately in the process. The importance of the
digold(II) metal-metal (single) bonded species is demon-
strated by the observation that when equimolar (~0.02
M) amounts of Ph(Me)P(CH,Au(Br),CH,),P(Me)Ph and
Ph(Me)P{CH,Au'CH,),P(Me)Ph are combined in CDCl,,
complete (by NMR) conversion to Ph(Me)P(CH,Au'"
(Br)CH,),P(Me)Ph occurs within a few minutes.

Photodecomposition is observed for 2a in solution upon
exposure to light. In toluene, THF or halocarbon solutions,
light converts 2 to 3 or mixtures of 3 and 1 (identified by
'H NMR, IR, and TLC), depending on the amount of
excess CH;I present. Near-UV photolysis (3500 A, 1 h)
of a dry, O,-free CDCl; solution of 2b results in complete
disappearance of the Au~CH; 'H-NMR signal and ap-
pearance of a new peak (at 3.02 ppm) assigned to CH;Cl.
This result is consistent with a photogeneration of methyl
radicals and subsequent halide abstraction from CDCl,.
Methyl radicals also have been observed as the initial
product of UV photodecompsition of CH;AuPPh,.18

(9) Komiya, S.; Huffman, J. C.; Kochi, J. K. Inorg. Chem. 1977, 16,
1253-1255.

(10) Stein, J.; Fackler, J. P., Jr.; Paprizos, C.; Chen, H.-W. J. Am.
Chem. Soc. 1981, 103, 2192-2198.

(11) Chen, H.-W.; Paparizos, C.; Fackler, J. P., Jr., unpublished results
for [(CHy)pAu(u-SCoH;)],.

(12) Glass, G. E.; Konnert, J. H.; Miles, M. G.; Britton, D.; Tobias, R.
S. J. Am. Chem. Soc. 1968, 90, 1131-1138.

(13) Gavens, P. D.; Guy, J. J.; Mays, M. J.; Sheldrick, G. M.; Acta
Crystallogr., Sect. B 1977, B33, 137.

(14) Hermann, W. A.; Plank, J.; Ziegler, M. L.; Balbach, B. J. Am.
Chem. Soc. 1980, 102, 5908-5909.

(15) Balch, A. L.; Hunt, C. T.; Lee, C.-L.; Olmstead, M. M.; Farr, J.
P. J. Am. Chem. Soc. 1981, 103, 3764-3772.

(16) Doyle, M. J.; Mayanza, A.; Bonnet, J.-J.; Kalack, P.; Poilblanc,
P. J. Organomet. Chem. 1978, 146, 293-310.

(17) Mayanza, A.; Bonnet, J.-J.; Galy, J.; Kalack, P.; Poilblanc, P. J.
Chem. Res. 1980, 146.

(18) van Leeuwen, P. W. N. M.; Kapstein, R.; Huis, R.; Roobeek, C.
F. J. Organomet. Chem. 1976, 104, C44-C486.

(19) Schmidbaur, H. Angew. Chem., Int. Ed. Engl. 1976, 15, 728-740.
Schmidbaur, H.; Slawisch, A. “Gmelin Handbuch der Anorganischen
Chemie, 8th ed., Au Organogold Compounds”; Springer-Verlag: Ber-
lin/Heidelberg, 1980; p 264.

(20) After submission of this manuscript, Coleman, A. W.; Eadie, D.
T.; Stobart, S. R.; Zaworotko, M. J.; Atwood, Jerry L. J. Am. Chem. Soc.
1982, 104, 922 reported the structure of a methyl iodide addition product
to bis(cyclooctadiene)di-u-pyrazoyl-diiridium. The Ir-Ir distance is 3.112
A in the product with only a weak Ir(II-Ir(II) bond.
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Table I. Atomic Positions and Thermal Parameters for [Au(CH,),P(CH,),],(CH, XI)
(1) Atomic Positions
atom y z atom x y 4
Au(l) 0.3227 (2) 0.3876 (2) 0.5180 (2) C(1) 0.1293 (58) 0.3920 (54) 0.8538 (62)
Au(2) 0.2025 (2) 0.5749 (2) 0.56022 (2) C(2) 0.3897 (50) 0.5789 (41) 0.1690 (51)
I 0.0637 (3) 0.7695 (4) 0.4656 (4) C(6) 0.2816 (46) 0.6343 (48) 0.3610 (46)
P(1) 0.2032 (11) 0.4429 (13) 0.7380 (12) C(5) 0.3133 (51) 0.5208 (50) 0.8178 (50)
P(2) 0.3154 (12) 0.5248 (16) 0.2801 (14) C(4) 0.2544 (35) 0.3371 (40) 0.6638 (41)
CME 0.4127 (41) 0.2365 (38) 0.5240 (51) C(7) 0.1915 (45) 0.4626 (56) 0.2157 (52)
C(3) 0.1129 (46) 0.5090 (63) 0.6240 (54) C(8) 0.3925 (55) 0.4352 (B7) 0.3619 (43)
(2) Thermal Parameters?
atom ﬁll 322 ﬁ33 612 513 623
Au(l) 45 (2) 73 (2) 51 (2) 3(2) 13 (2) -10(2)
Au(2) 53 (2) 69 (2) 49 (2) 2(2) 18(2) -5(2)
1 71 (4) 81 (4) 75 (5) 3(3) 3(3) -10(3)
P(1) 53 (12) 69 (16) 18 (12) 5 (10) 20 (11) 15 (11)
P(2) 55 (13) 107 (19) 34 (15) 6(12) 22(12) 12 (13)
CME 80 (48) 12 (36) 139 (72) -85 (356) 103 (51) -94 (42)
C(3) 84 (55) 182 (96) 70 (71) —-26 (58) —-61(51) 177 (74)
C(1) 174 (76) 52 (61) 129 (80) 52 (54) 111 (69) 27 (65)
C(2) 153 (65) 15 (42) 86 (61) 47 (41) 101 (57) 44 (40)
C(6) 114 (56) 67 (55) 44 (54) -85 (46) 56 (48) -21 (43)
C(5) 118 (60) 67 (55) 58 (59) -70 (49) ~4 (50) -59 (45)
C(4) 33 (36) 30 (43) 30 (45) -11(32) —-26 (34) 19 (33)
C(7) 70(51) 118 (73) 58 (64) -30(48) 0 (50) -15(51)
C(8) 148 (71) 158 (78) -11 (42) 39 (59) -15(46) ~63 (45)

¢ Anisotropic thermal parameters are X 10%; the temperature factor equation is exp(-(h?8,, + k28,, + I*8,, + 2hkS,, +

2hiB,, + 2kIB,,)).

Table II. Selected Bond Lengths (A) and Angles (Deg) for 2a¢
Bond Lengths
Au(1l)-Au(2) 2.695 (4) P(1)-C(3) 1.74 (6)
Au(1)-CME 2.13 (5) P(1)-C(1) 1.85(8)
Au(1)-C(4) 2.10 (5) P(1)-C(5) 1.75 (6)
Au(1)-C(8) 2.20 (5) P(1)-C(4) 1.72 (5)
Au(2)-1 2.894 (5) P(2)-C(2) 1.82 (7)
Au(2)-C(3) 2.09 (7) P(2)-C(6) 1.71 (6)
Au(2)-C(6) 2.16 (6) gg;-gg; %gg Eg;
Bond Angles
Au(1)-Au(2)-1 175.1 (2 Au(1)~-C(4)-P(1 114.3 (2.6
AEEZ%—Aﬁglg—CME 177.5 21)9) AEEZ}—CES%-P%I; 109.9 53 Gg
C(3)-Au(2)-C(6) 173.6 (2.9) Au(2)-C(6)-P(2) 109.5(3.1)
C(4)-Au(1)-C(8) 178.0 (2.6) Au(l)I;C(B)—P(z) 112.0(3.5)
Au(1)-Au(2)-C(3) 88.8 (2.5) 8%33&8318%3 11e Eg g;
Au(1)-Au(2)-C(8) 91.0 (2.1) C(1)-P(1)-C(5) 103.7 (3.1)
Au(2)-Au(1)-C(4) 90.4 (1.7) C(3)-P(1)-C(4) 102.2 (2.8)
Au(2)-Au(1)-C(8) 90.8 (2.3) C(1)-P(1)-C(4) 112.2 (2.8)
Qe it s 0l Sanalel) s (5
” - ' ) C(2)-P(2)-C(6) 107.5 (2.8)
I-Au(2)-C(3) 92.5 (2.6) C(2)-P(2)-C(7) 111.8 (2.9)
I-Au(2)-C(6) 87.2 (2.1) C(6)-P(2)-0(7) 106.8 (2.9)
C(2)-P(2)-C(8 109.6 (3.0
C(6)—P(2)—C(8; 112422 9;
C(7)-P(2)-C(8) 108.8 (3.0)

% Esd’s in parentheses.

We are currently investigating further the mechanism
of formation and decomposition of 2a, characterizing sim-
ilar complexes with a variety of other alkyl halides, and
examining the reaction chemistry of these haloalkyldi-

(21) A local version of the Gaussian integration method of Busing and
Levy? has been used by assuming the crystal shape to approximate a
flattened cube with dimensions 0.04 X 0.12 X 0.12 mm. Transmission
factors ranged from 0.136 to 0.517.

(22) Busing, W. R.; Levy, H. A. Acta, Crystallogr. 1957, 10, 180.

(23) Two recent papers showing similar problems with refinement are
as follows: (a) Birker, P. J. W. L.; Verschoor, G. C. Inorg. Chem. 1982,
21,990. (b) Jandik, P.; Schubert, U.; Schmidbaur, H. Angew. Chem., Int.
Ed. Engl. 1982, 21, 73.

gold(II) complexes.
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Summary: The doubly phosphorus-bridged quadrangular
clusters Fe,(CO)4(PR), (1, R = t-Bu, Ph, p-Tol) reversibly
add CO to form the clusters Fe,(CO),(PR), (2). Addition
of P(OMe), yields the clusters Fe(CO),,(PR),-P(OMe); (4,
R = Ph, p-Tol) from which one CO ligand can be re-
moved reversibly.

The high expectations for homogeneous catalysis by
organotransition-metal clusters rest on two specific cluster
properties. First, the binding to several metal atoms may
modify the reactivity of ligating substrates in a way not
obtainable in mononuclear complexes.? Second, the ac-
cumulation of metal atoms in the cluster core may cause
unusual core properties.® Among these are the basic
cluster reactions like two-center oxidative additions? or
framework changes due to changes in the ligand or electron
count.’* Another basic cluster reaction results from the
fact that some unsaturated clusters exist* which bear the
possibility for substrate addition without gross changes in
core geometry. We have found a group of tetrairon clusters
of composition Fe,(CO),;(PR),® whose unsaturation caused
us to investigate the possibility and reversibility of ligand
additions to them.

During their synthesis,® the unsaturated Fe,(CO);
clusters 1 are accompanied by their saturated Fe,(CO),,
analogues 2. This indicates the possibility of CO addition
to 1 and of decarbonylation of 2 (cf. Scheme I). In fact
both reactions proceed easily and quantitatively at room
temperature accompanied by a color change between red
(for 2) and black (for 1). Thus, n-hexane solutions of la—c5,
stirred under an atmosphere of CO, are completely con-
verted in 3-5 h to 2a—c® isolated in 70-90% yield by
crystallization at —30 °C. And stirring in benzene under
vacuum reconverts 2a—c quantitatively in 1 day to la-c,
isolated in 85-95% yield by crystallization from benz-
ene/n-hexane (1:2) at —30 °C. This is one of the simplest
organometallic addition/elimination reactions.

Trimethyl phosphite, a better donor than CO, is added
instantaneously to the clusters la and 1b, as again ob-
served by a color change from black to red. From stoi-
chiometric reactions in benzene, 4a® and 4b” are obtained
in 80~90% yield by crystallization from benzene/n-hexane
(1:2) at -30 °C. Of these saturated clusters, 4a quantita-
tively eliminates one molecule of CO under vacuum as
above to form 3a® which in turn is reconverted under CO

(1) Part 1: Richter, F.; Vahrenkamp, H. Organometallics, 1982, 1, 756.

(2) Cf. the reviews by: Deeming, A. J.; Whyman, R. In Johnson, B.
F. G. “Transition Metal Clusters”; Wiley: New York, 1980; pp 391, 545.

(3) Cf. Vahrenkamp, H. In Miiller, A.; Diemann, E. “Transition Metal
Chemistry”, Verlag Chemie: Weinheim, 1981, p 35.

(4) Johnson, B. F. G.; Lewis, J. Adv. Inorg. Chem. Radiochem. 1981,
24, 225,

(5) Vahrenkamp, H.; Wolters, D. J. Organomet. Chem., 1982, 224, C17.

(6) Fe,(CO),;(P-p-Tol),-P(OMe); (4a): red-black crystals, decompo-
sition above 60 °C; IR (cyclohexane) 2060 (w), 2038 (sh), 2024 (vs), 2016
(s), 1988 (s), 1980 (sh), 1955 (w), 1934 (w) cm™'; 'H NMR (CDCl,) 2.47
(6 H), 3.48 (9 H, J = 11.0 Hz), 7.37 (m, 4 H), 8.17 (m, 4 H), ppm. Anal.
Caled for [CyeHjsFe,0,,P;): C, 37.37; H, 2.58; Fe, 24.83. Found: C, 87.57;
H, 2.43; Fe, 24.51.

(7) Fe,(CO),,(PPh),P(OMe); (4b): red-black crystals, decomposition
above 50 °C; IR (cyclohexane) 2060 (w), 2024 (vs), 2015 (s), 1991 (s), 1958
(vw), 1935 (vw) cm™!; tH NMR (CDCly) 3.50 (9 H, J = 11.1 Hz), 7.67 (br,
6 H), 8.40 (br, 4 H) ppm. Anal. Caled for [C;HsFe,0,,P3): C, 35.82;
H, 2.20; Fe, 25.63. Found: C, 35.61; H, 1.93; Fe, 26.41.

Scheme 1
R R
; |
PSS 5
(0015F5/AFe(cal, (C0)3Fo7AFelcol,
\ / \CO +C0 \VARVS
\ /\L % \ /
(CO)3FK\Z//Fe(CO)2 (CO)3Fe\\P//Fe(CO)3
la, R = p-Tol 2a, R = p-Tol
b, R = Ph b, R=Ph
¢, R =t-Bu ¢, R =¢-Bu
P(OMe);
T R
RN FI’
COsFe/\—Felca), (COLFE >Fe<co)3
\VARV/AN +C0 /]
o
(MeQ),P(CO) Fe\ / Fe?:O) (MeQ);PLCO), F \ /
C \YT// 2 V5L, Ky/Fe(CO)s
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3a, R = p-Tol 4a, R = p-Tol
lP(OMe)a b, R = Ph

(}4,4'PR)2F64(CO)|0[P(OMG)3]2
5a, R = p-Tol

I

Fig)ure 1. Molecular structure of Fe,(CO){y(P-p-Tol);-P(OMe)4
(3a).

as above to 4a. And yet another addition cycle was per-
formed as above with 3a and trimethyl phosphite resulting
in the bis(phosphite)-substituted cluster 5a.° Further

(8) Fe (CO),o(P-p-Tol)y P(OMe); (3a) 95% from benzene/n-hexane):
black crystals, decomposition above 90 °C; IR (cyclohexane) 2050 (w),
2013 (vs), 1983 (sh), 1979 (s), 1968 (sh), 1823 (m) cm™*; *H NMR (CDCl;)
2.15 (6H), 3.57 (9H), J = 11.1 Hz), 6.6 (m, 8 H), ppm. Anal. Caled for
%CWHzaFmomPa]: C. 37.19; H, 2.66; Fe, 25.63. Found: C, 37.49; H, 2.58;

e, 25.76.

(9) Fe (CO)1o(P-p-Tol)s2P(OMe); (58) (82% from benzene/n-hexane):
black crystals, mp 120 °C dec; IR (cyclohexane) 2038 (w), 2018 (sh), 2000
(s), 1980 (m), 1970 (m) cm™; 'H NMR (CDCl,) 1.50 (8 H), 2.15 (3 H),
3.48 (9 H, J = 11.0 Hz), 3.53 (9 H, J = 10.9 Hz), 6.75 (br, 8 H) ppm. Anal.
Caled for {CoygHgoF,0:6P,]: C, 36.18; H, 3.24; Fe, 22.43. Found: C, 36.18;
H, 3.30; Fe, 21.82.

0276-7333/82/2301-0874801.25/0 © 1982 American Chemical Society
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{“ig)ure 2. Molecular structure of Fe,(CO),;(P-p-Tol),P(OMe),
4a).

“loading” of these tetrairon clusters with PR, ligands seems
possible.

The compositions and structures of 3a and 4a, two
representative addition/elimination products, were proved
by crystal structure analyses!® (cf. Figures 1 and 2 and
Table I). The overall similarity of both compounds is
obvious. It corresponds to, but does not explain, their
facile interconversion. The main difference between both
structures lies in the metal atom arrangement and the CO
orientations. The Fe, unit in 3a is practically planar as
evidenced by the nearly equidistant Fe-P1 and Fe-P2
bonds. Its geometry with one Fe—Fe bond shortened by
a CO bridge closely resembles that of 1a.5 In contrast the
Fe, unit in 4a is significantly nonplanar with a folding
angle along the Fel--Fe4 diagonal of 163°. This difference
seems to result from the optimization of the terminal
ligand orientations. In 3a each iron atom has one ligand
in the tetrametal plane, one above and one below, whereas
in 4a the iron atoms alternatively have one ligand above
and two ligands below the tetrametal plane and vice versa.

The structures of 3a and 4a suggest one explanation for
the ease of their interconversions: the crowding of ligands
in 4a may favor CO elimination whereas the unsaturation
of 3a may favor CO addition. Another explanation is
offered by electron bookkeeping: the clusters 2, 4, and 5
have the correct electron count for a Fe, quadrangle ac-
cording to the 18-electron rule. The clusters 1 and 3,
however, have the correct electron count for a closo Fe,P,
unit according to Wade’s rules.!!

(10) Crystals of 3a were obtained from toluene/hexane (1:2), those of
4a from benzene/hexane (1:2). The crystal quality was checked by
Weissenberg photographs; all other measurements were done on a Nonius
CAD 4 diffractometer. 3a: orthorhombic, space group P2,2,2,, Z = 4,
a = 1289.0 (8) pm, b = 1478.5 (4) pm, ¢ = 1819.7 (3) pm. 4a: triclinic,
space group P1, a = 1300.0 (2) pm, b = 1506.9 (3) pm, ¢ = 944.52 (2) pm,
a = 100.65 (1)° 8 = 107.35 (1)°, v = 84.43°. The structures were solved
by Patterson and Fourier methods. Blocked matrix refinement (rigid
body and isotropic for phenyl C and H atoms, anisotropic for all other
nonhydrogen atoms) using unit weights resulted in R values of 0.045 for
3a and 0.055 for 4a. All details of the crystallographic work are docu-
mented in the supplementary material: Table A contains all crystallo-
graphic data; Tables B and C list all atomic parameters for 3a and 4a.
Table D lists all bond lengths and angles for both compounds: Tables
E and F give the F,/F, listings.

Table I. Important Bond Lengths (pm) and
Angles (Deg) in 3a and 4a

3a 4a
Fel-Fe2 275.5 (3) 271.0(2)
Fel-Fe3 264.2 (3) 266.6 (2)
Fe2-Fed 267.1 (3) 268.7 (2)
Fe3-Fed4 245.8 (3) 266.8 (2)
Fel-P1 226.4 (5) 221.5(2)
Fe2-P1 225.6 (5) 235.1(2)
Fe3-P1 234.6 (5) 237.7 (2)
Fe4-P1 232.3 (5) 221.5(3)
Fel-P2 225.3 (5) 235.5(2)
Fe2-P2 223.2 (5) 219.7 (2)
Fe3-P2 230.1 (5) 223.4 (2)
Fe4-P2 231.9 (5) 240.6 (2)
P1---P2 264.6 (8) 259.8 (3)
Fe-Cierm. 175-184 (2) 175-184 (1)
Cierm.~Oterm. 110-116(2) 111-116 (1)
Fe2-P3 217.0 (5) 218.4 (2)
P1-Fe-P2 69.4-72.2 (2) 68.3-69.6 (1)
Fel-P1-Fe4 108.5(2) 117.2(1)
Fe2-P1-Fe3 107.6 (2) 105.5 (1)
Fel-P2-Fed 109.1 (2) 105.2(1)
Fe2-P2-Fe3 110.0 (2) 116.4 (1)
Fe-Cierm.~Oterm. 177-178 (2) 174-180 (1)
Fel-C13-013 168 (2) 175 (1)
Fe2-C23-023 171 (2) 178 (1)

The addition of substrates to metal-metal double bonds
has only sparsely been investigated.!? In cluster chemistry
only the Os—Os double bond in Hy0s;(CO),, is well stud-
ied.2* Unsaturation, however, is more often found in
clusters of nuclearity 4 and above. Some clusters, like the
ones described here, offer the possibility for this type of
basic cluster reaction which consists of the binding and
activation of a substrate without opening up the cluster
and without replacing other ligands. This reaction which
also bears significance in the context of the cluster—surface
analogy is another demonstration of the unique possibil-
ities in cluster chemistry.
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Supplementary Material Available: Listings of the complete
crystallographic details, all positional and anisotropic thermal
parameters, all bond lengths and angles, and observed and cal-
culated structure factors for both structures (30 pages). Ordering
information is given on any current masthead page.

(11) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1.

(12) Cf. Curtis, M. D.; Messerle, L.; Fotinos, N. A.; Gerlach, R. F. In
Chisholm, M. H. “Reactivity of Metal-Metal Bonds”; American Chemical
Society: Washington, D.C. 1981; ACS Symp. Ser. No. 155, p 221.

Metal-Silicon Bonded Compounds. 16. The
Structure of (LISIMe,), (Me,NCH,CH,NMe,);, a
Highly Reactive Sllylating Agent

Berhan Tecld, Willlam H. Iisley, and John. P. Oliver*
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Summary: The structure of the highly reactive silylating
agent, (LiSiMe,),«(Me,;NCH,CH,NMe,);, has been deter-
mined from single-crystal X-ray diffraction data collected

0276-7333/82/2301-0875$01.25/0 © 1982 American Chemical Society
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{“ig)ure 2. Molecular structure of Fe,(CO),;(P-p-Tol),P(OMe),
4a).

“loading” of these tetrairon clusters with PR, ligands seems
possible.

The compositions and structures of 3a and 4a, two
representative addition/elimination products, were proved
by crystal structure analyses!® (cf. Figures 1 and 2 and
Table I). The overall similarity of both compounds is
obvious. It corresponds to, but does not explain, their
facile interconversion. The main difference between both
structures lies in the metal atom arrangement and the CO
orientations. The Fe, unit in 3a is practically planar as
evidenced by the nearly equidistant Fe-P1 and Fe-P2
bonds. Its geometry with one Fe—Fe bond shortened by
a CO bridge closely resembles that of 1a.5 In contrast the
Fe, unit in 4a is significantly nonplanar with a folding
angle along the Fel--Fe4 diagonal of 163°. This difference
seems to result from the optimization of the terminal
ligand orientations. In 3a each iron atom has one ligand
in the tetrametal plane, one above and one below, whereas
in 4a the iron atoms alternatively have one ligand above
and two ligands below the tetrametal plane and vice versa.

The structures of 3a and 4a suggest one explanation for
the ease of their interconversions: the crowding of ligands
in 4a may favor CO elimination whereas the unsaturation
of 3a may favor CO addition. Another explanation is
offered by electron bookkeeping: the clusters 2, 4, and 5
have the correct electron count for a Fe, quadrangle ac-
cording to the 18-electron rule. The clusters 1 and 3,
however, have the correct electron count for a closo Fe,P,
unit according to Wade’s rules.!!

(10) Crystals of 3a were obtained from toluene/hexane (1:2), those of
4a from benzene/hexane (1:2). The crystal quality was checked by
Weissenberg photographs; all other measurements were done on a Nonius
CAD 4 diffractometer. 3a: orthorhombic, space group P2,2,2,, Z = 4,
a = 1289.0 (8) pm, b = 1478.5 (4) pm, ¢ = 1819.7 (3) pm. 4a: triclinic,
space group P1, a = 1300.0 (2) pm, b = 1506.9 (3) pm, ¢ = 944.52 (2) pm,
a = 100.65 (1)° 8 = 107.35 (1)°, v = 84.43°. The structures were solved
by Patterson and Fourier methods. Blocked matrix refinement (rigid
body and isotropic for phenyl C and H atoms, anisotropic for all other
nonhydrogen atoms) using unit weights resulted in R values of 0.045 for
3a and 0.055 for 4a. All details of the crystallographic work are docu-
mented in the supplementary material: Table A contains all crystallo-
graphic data; Tables B and C list all atomic parameters for 3a and 4a.
Table D lists all bond lengths and angles for both compounds: Tables
E and F give the F,/F, listings.

Table I. Important Bond Lengths (pm) and
Angles (Deg) in 3a and 4a

3a 4a
Fel-Fe2 275.5 (3) 271.0(2)
Fel-Fe3 264.2 (3) 266.6 (2)
Fe2-Fed 267.1 (3) 268.7 (2)
Fe3-Fed4 245.8 (3) 266.8 (2)
Fel-P1 226.4 (5) 221.5(2)
Fe2-P1 225.6 (5) 235.1(2)
Fe3-P1 234.6 (5) 237.7 (2)
Fe4-P1 232.3 (5) 221.5(3)
Fel-P2 225.3 (5) 235.5(2)
Fe2-P2 223.2 (5) 219.7 (2)
Fe3-P2 230.1 (5) 223.4 (2)
Fe4-P2 231.9 (5) 240.6 (2)
P1---P2 264.6 (8) 259.8 (3)
Fe-Cierm. 175-184 (2) 175-184 (1)
Cierm.~Oterm. 110-116(2) 111-116 (1)
Fe2-P3 217.0 (5) 218.4 (2)
P1-Fe-P2 69.4-72.2 (2) 68.3-69.6 (1)
Fel-P1-Fe4 108.5(2) 117.2(1)
Fe2-P1-Fe3 107.6 (2) 105.5 (1)
Fel-P2-Fed 109.1 (2) 105.2(1)
Fe2-P2-Fe3 110.0 (2) 116.4 (1)
Fe-Cierm.~Oterm. 177-178 (2) 174-180 (1)
Fel-C13-013 168 (2) 175 (1)
Fe2-C23-023 171 (2) 178 (1)

The addition of substrates to metal-metal double bonds
has only sparsely been investigated.!? In cluster chemistry
only the Os—Os double bond in Hy0s;(CO),, is well stud-
ied.2* Unsaturation, however, is more often found in
clusters of nuclearity 4 and above. Some clusters, like the
ones described here, offer the possibility for this type of
basic cluster reaction which consists of the binding and
activation of a substrate without opening up the cluster
and without replacing other ligands. This reaction which
also bears significance in the context of the cluster—surface
analogy is another demonstration of the unique possibil-
ities in cluster chemistry.
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Highly Reactive Sllylating Agent
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Summary: The structure of the highly reactive silylating
agent, (LiSiMe,),«(Me,;NCH,CH,NMe,);, has been deter-
mined from single-crystal X-ray diffraction data collected
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Table I. Experimental Data from the X-ray Diffraction
Study on (LiSiMe,),(Me,NCH,CH,NMe,),

mol formula: Li,Si,N,C, H,,
mol wt: 508.886
cryst syst: monoclinie
space group: :
cell dimens
at-22°C

a 8.625 (1) A

b 24.893 (6) A

c 9.526 (2) A

B 115.41(1)°
vol 1847.4 (6) A
Z 2
dealed 0916 gem™?
radiation: CuKa (A 1.54178 A™")
monochromator: graphite erystal
refletns measd: hk,1
26 range: 0-115°
scan type: 0-260
scan speed: 6°/min in 20

bkgd measurement:

std refletns:

unique data:

stationary crystal-stationary counter
at beginning and end of 26 each
for one-fourth of the time taken
for the 26 scan

3(221; 222; 361) measured every 97
reflections; no significant devia-
tion from the mean was ohserved

2539

unique data with 2096

F* = 3.00(F,*):
obsd coeff: u=9929cm™
F(000) 572 electrons
Ry 0.061
R,r 0.054

by counter methods at -22 °C. The compound was
found to crystallize in the monoclinic system, space group
P2, with unit-cell dimensions of a = 8.625 (1) A b=
24.893 (6) A, c = 9.526 (2) A, B = 115.41 (1)° dgeq =
0.916 gcm™, V = 1847.4 (6) A%, and Z = 2.

The greatly enhanced reactivity of organo- and silyl-
lithium reagents, on the addition of a complexing agent
such as N,N,N',N “tetramethylethylenediamine (TMEDA)
has led to considerable speculation concerning the manner
in which the base coordinates with the organometallic
species.'? It often is proposed that the active intermediate
in solution is a simple coordinated species, LiR-(base),,?
but the solid-state structural information obtained recently
on a variety of simple alkyllithium derivatives, including
(LiMe) +(TMEDA),,? (LiPh),»(TMEDA),,* and (bicyclo-
[1.1.0]butan-1-yl)lithium-TMEDA, all contain fragments
of the original organolithium aggregate which retain Li-
C-Li multicentered electron-deficient bridge bonds. This
indicates, at least in the solid state, that TMEDA is not
a sufficiently strong coordinating agent to disrupt the
lithium alkyl aggregate which lead to retention of the
carbon-bridged systems.® Further, there is evidence from
studies reported earlier’ that addition of ether occurs in

(1) Wakefield, B. J. “The Chemistry of Organolithium Compounds™;
Pergamon Press: Oxfor, 1974.

(2) Catala, J. M.; Clouet, G.; Brossas, J. J. Organomet. Chem. 1981,
219, 139 and references therein.

(3) Koster, H.; Thoennes, D.; Weiss, E. J. Organomet. Chem. 1978,
160, 1.

(4) Thoennes, D.; Weiss, E. Chem. Ber. 1978, 111, 3157.

(5) Zerger, R. P.; Stucky, G. D. J. Chem. Soc., Chem. Commun. 1973,
44

(6) If the organic moiety readily forms a stable carbanion, i.e., tri-
phenylmethyl ete., then the TMEDA complexes are best described as ion
pairs in the solid state. See, for example: Patterman, S. P.; Karle, I. L.;
Stucky, G. D. J. Am. Chem. Soc. 1970, 92, 1150. Brook, J. J.; Rhine, W_;
Stucky, G. D. Ibid. 1972, 94, 7339. Brooks, J. J.; Stucky, G. D. Ibid. 1972,
94, 7333. Walczak, M.; Stucky, G. d. Ibid. 1976, 98, 5531.

Communications

COE o

Figure 1. An ORTEP diagram for the molecular unit
(LiSiMe,),-(TMEDA), with the atoms labeled. The atoms are
represented by 25% thermal elipsoids. Positions 24 and 25
represent a disordered carbon atom, and in the refinement we
assigned 50% occupancy factors.

Table II. Positional Parameters for the
Nonhydrogen Atoms in (LiSiMe,),:(TMEDA),

atom x y z
Si(1)e 0.5613 (2) 0.7718 0.6713 (2)
Si(2) 0.1887 (3) 1.0267 (1) 0.2821 (3)
N(1) 0.4182(8) 1.0205 (3) ~0.0008 (7)
N(2) 0.0965 (8) 0.9555(3) -0.1250 (7)
N(3) 0.1327 (9) 0.6814 (3) 0.4232 (11)
N(4) 0.4539 (8) 0.9001 (3) 0.2269 (7)
N(5) 0.1329(7) 0.8226 (3) 0.3210 (7)
N(6) 0.3186 (9) 0.6996 (3) 0.2304 (7)
Li(1) 0.2810(13) 0.7490 (5) 0.4064 (12)
Li(2) 0.2985 (15) 0.9678 (5) 0.1058 (13)
C(1) 0.7819 (10) 0.7690 (5) 0.6708 (11)
C(2) 0.5764 (12) 0.8435 (4) 0.7607 (10)
C(3) 0.6080(15) 0.7300 (5) 0.8520 (12)
C(4) 0.3588(12) 0.8571 (5) 0.2566 (15)
C(5) 0.0829 (11) 0.8354 (4) 0.4442 (10)
C(6) 0.2437 (14) 0.8675 (4) 0.3154 (15)
C(7) -0.0240 (11) 0.8159 (5) 0.1746 (10)
C(8) 0.5383 (13) 0.8754 (5) 0.1372 (13)
C(9) 0.5857 (11) 0.9229 (5) 0.3688 (12)
C(10) 0.2306 (13) 0.7124 (4) 0.0647 (10)
C(11) 0.5039 (13) 0.6982 (6) 0.2777 (14)
C(12) -0.0511 (12) 0.6818 (4) 0.3609 (13)
C(13) 0.1942(18) 0.6659 (7) 0.5764 (23)
C(14) 0.2596 (14) 1.0373 (5) -0.1319 (13)
C(15) 0.0198 (12) 1.0005 (4) 0.3420 (11)
C(16) 0.3577 (16) 1.0499 (6) 0.4743 (14)
C(17) 0.0818 (24) 1.0937 (5) 0.1916 (19)
C(18) 0.4933 (16) 1.0682 (5) 0.1003 (14)
C(19) 0.1523 (16) 0.9935 (5) -0.2146 (10)
C(20) 0.5445 (12) 1.0016 (4) -0.0531 (11)
C(21) —-0.0591 (12) 0.9728 (5) -0.1212 (10)
C(22) 0.0720 (12) 0.9022 (5) -0.1962 (11)
C(23) 0.2591 (18) 0.6461 (5) 0.2536 (14)
C(24) 0.2272 (31) 0.6391 (8) 0.3997 (31)
C(25) 0.1262 (35) 0.6458 (9) 0.2596 (33)

% y coordinate is fixed by crystallographic symmetry.

a stepwise fashion to the organolithium hexamers present
in hydrocarbon solution with the species dissociating to
tetramer only after two ether molecules have been atta-
ched.” Additional ether does not further degrade the
tetramer which remains as the stable species in solutions.?

These observations and our recent report® that the
trimethylsilyllithium-TMEDA complex, (LiSiMej),
(TMEDA);, shows both extreme and unusual reactivity led

(7) Extensive studies of base—organolithium interactions have been
reported. See: Barlett, P. D.; Goebel, C. V.; Weber, W. P. J. Am. Chem.
Soc. 1969, 91, 7425 and references therein.

(8) An excellent review of these studies has appeared: Brown, T. L.
Adv. Organomet. Chem. 1965, 3, 365.

(9) Balasubramanian, R.; Oliver, J. P. J. Organomet. Chem. 1980, 197,
CT.
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Selected Interatomic Distances (A ) and Angles (Deg) in (LiSiMe,),-(TMEDA),

Bond Distances

Table III.

Li(1)-8i(1) 2.70 (1)
Li(1)-N(3) 2.16 (1)
Li(1)-N(5) 2.18(1)
Li(1)-N(6) 2.21 (1)
Si(1)~C(1) 1.906 (8)
Si(1)-C(2) 1.957 (9)
Si(1)-C(3) 1.90 (1)

Bond Angles

C(1)-8i(1)-C(3)
C(2)-Si(1)-C(3)
C(1)-Si(1)-C(2)
Li(1)-Si(1)-C(1) 1
Li(1)-Si(1)-C(2) 1

Li(1)-Si(1)-C(3)

us to determine its structure in the solid state by single-
crystal X-ray diffraction techniques in an attempt to
correlate the unusual reactivity of this species with its
structural features.

The results of these studies are depicted in Figure 1
which shows an ORTEP diagram of the molecule with the
atoms labeled. The features which are of major interest
and importance are (1) the fact that there is no Li-Si-Li
bridge bonding which shows that the hexameric aggregate,
(LiSiMey)q, has been completely destroyed, and (2) that
the Li-Si bond distance is relatively long with a value of
2.70 A even when compared to the average Li~Si distance
of 2.68 A, observed in the uncomplexed hexamer.!?
Further, examination of the bond angles around the silicon
and lithium atoms (see Table I) shows that the C-Si-C
angles are sharp with an average value of 100°. This
should be compared with value observed in (LiSiMej)g of
103.3°,19 of 102.9° in Mg(SiMe;); DME,!! and 108.0° in
Li,Hg(SiMe;),.!? This further constraint, on the C-Si-C
bond, may be interpreted in terms of additional negative
charge being transferred to the SiMe; moiety and, along
with the long Li-Si distance, account for both the high and
unusual reactivity of this species.

Further work is currently in progress to determine the
aggregation state of this species in solution and to deter-
mine if other silyl- or organolithium derivatives can be
obtained which have both similar reactivity and structures.

(LiSiMe;)¢ was prepared by the methods previously
reported.® Approximately 1 g of the purified crystalline
material was transferred, in an argon-filled drybox, to a
reaction vessel which could be closed off and evacuated.
This vessel was removed from the drybox, transferred to
a vacuum system, and evacuated. Dry cyclopentane (~5
mL) was then distilled into the vessel followed by slow
infusion of TMEDA. After several adjustments in con-
centration, crystals which appeared to be of suitable
quality for X-ray study were obtained. Examination of
a number of these crystals on the X-ray diffractometer,
however, showed that they diffracted only weakly at room
temperature. For that reason, data were collected at low
temperature (-22 °C) using Cu Ka radiation on a Syntex
P2, diffractometer. The crystal was found to be monoclinic
and was ultimately assigned to the space group P2, on the
basis of the systematic absences. The crystallographic data
on the unit cell, and other pertinent data, are collected in
Table I. The structure was solved by light atom techniques

(10) Schaaf, T. F.; Butler, W.; Glick, M. D.; Oliver, J. P. J. Am. Chem.
Soc. 1974, 96, 7593. llsley, W. H.; Schaaf, T. F.; Glick, M. D.; Oliver, J.
P. Ibid. 1980, 102, 3769.

(11) Claggett, A. R,; Ilsley, W. H.; Anderson, T. J.; Glick, M. D.; Oliver,
J.P.J. Am. Chem. Soc. 1977, 99, 1797.

(12) Isley, W. H.; Albright, M. J.; Anderson, T. J.; Glick, M. D.; Oliver,
J. P. Inorg. Chem. 1980, 19, 3577.

C(15)-Si(2)-C(16)
C(16)-8i(2)-C(17)
C(15)-Si(2)-C(17)
Li(2)-Si(2)-C(15)

Li(2)-8i(2) 2.69 (1)
Li(2)-N(2) 2.16 (1)
Li(2)-N(1) 2.17 (1)
Li(2)-N(4) 2.15 (1)
Si(2)-C(15) 1.89 (1)
Si(2)-C(16) 1.88 (1)
Si(2)-C(17) 1.92 (1)
119.2 (4) Li(2)-8i(2)-C(16) 116.3 (5)
100.9 (4) Li(2)-8i(2)-C(17) 115.0 (5)
101.0 (8) N(1)-Li(2)-N(2) 87.0 (5)
98.7 (5) N(3)-Li(1)-N(6) 84.7 (5)
121.6 (4)

through the use of MULTAN!® which gave positions for all
of the nonhydrogen atoms except for a portion of one
TMEDA unit. The structure was refined by standard
techniques.’* During the refinement, it was found that
the TMEDA unit not originally located was disordered.
This has been partially treated by assignment of 50%
occupancy factors to two positions for one of the carbon
atoms—represented by C(24) and C(25). This problem,
along with thermal motion, led to initial difficulty in the
solution of the structure and so far have prevented a better
refinement of the structure.

Atomic coordinates for the nonhydrogen atoms are
presented in Table II, and selected interatomic distances
and angles are listed in Table III. Anisotropic thermal
parameters, a complete listing of bond distances and bond
angles, hydrogen positional parameters, and observed and
calculated structure amplitudes are available.l®
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Summary: The application of polarization transfer via the
INEPT pulse sequence to 2°Si NMR has been investigated
for a wide variety of silicon compounds. The method was
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Selected Interatomic Distances (A ) and Angles (Deg) in (LiSiMe,),-(TMEDA),

Bond Distances
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us to determine its structure in the solid state by single-
crystal X-ray diffraction techniques in an attempt to
correlate the unusual reactivity of this species with its
structural features.

The results of these studies are depicted in Figure 1
which shows an ORTEP diagram of the molecule with the
atoms labeled. The features which are of major interest
and importance are (1) the fact that there is no Li-Si-Li
bridge bonding which shows that the hexameric aggregate,
(LiSiMey)q, has been completely destroyed, and (2) that
the Li-Si bond distance is relatively long with a value of
2.70 A even when compared to the average Li~Si distance
of 2.68 A, observed in the uncomplexed hexamer.!?
Further, examination of the bond angles around the silicon
and lithium atoms (see Table I) shows that the C-Si-C
angles are sharp with an average value of 100°. This
should be compared with value observed in (LiSiMej)g of
103.3°,19 of 102.9° in Mg(SiMe;); DME,!! and 108.0° in
Li,Hg(SiMe;),.!? This further constraint, on the C-Si-C
bond, may be interpreted in terms of additional negative
charge being transferred to the SiMe; moiety and, along
with the long Li-Si distance, account for both the high and
unusual reactivity of this species.

Further work is currently in progress to determine the
aggregation state of this species in solution and to deter-
mine if other silyl- or organolithium derivatives can be
obtained which have both similar reactivity and structures.

(LiSiMe;)¢ was prepared by the methods previously
reported.® Approximately 1 g of the purified crystalline
material was transferred, in an argon-filled drybox, to a
reaction vessel which could be closed off and evacuated.
This vessel was removed from the drybox, transferred to
a vacuum system, and evacuated. Dry cyclopentane (~5
mL) was then distilled into the vessel followed by slow
infusion of TMEDA. After several adjustments in con-
centration, crystals which appeared to be of suitable
quality for X-ray study were obtained. Examination of
a number of these crystals on the X-ray diffractometer,
however, showed that they diffracted only weakly at room
temperature. For that reason, data were collected at low
temperature (-22 °C) using Cu Ka radiation on a Syntex
P2, diffractometer. The crystal was found to be monoclinic
and was ultimately assigned to the space group P2, on the
basis of the systematic absences. The crystallographic data
on the unit cell, and other pertinent data, are collected in
Table I. The structure was solved by light atom techniques
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through the use of MULTAN!® which gave positions for all
of the nonhydrogen atoms except for a portion of one
TMEDA unit. The structure was refined by standard
techniques.’* During the refinement, it was found that
the TMEDA unit not originally located was disordered.
This has been partially treated by assignment of 50%
occupancy factors to two positions for one of the carbon
atoms—represented by C(24) and C(25). This problem,
along with thermal motion, led to initial difficulty in the
solution of the structure and so far have prevented a better
refinement of the structure.

Atomic coordinates for the nonhydrogen atoms are
presented in Table II, and selected interatomic distances
and angles are listed in Table III. Anisotropic thermal
parameters, a complete listing of bond distances and bond
angles, hydrogen positional parameters, and observed and
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(14) Local versions of the following programs were used: (1) SYNCOR,
Ws. Schmonsees’ program for data reduction; (2) FORDAP, A. Zaltkin’s
Fourier program; (3) ORFLS and ORFFE, W. Buskin, K. Martin, and H.
Levey’s full matrix least-squares program and function error program;
(4) orTEP, C. K. Johnson’s program for drawing crystal models. Scat-
tering factors were taken from: Ibers, J. A.; Hamilton, W. C.
“International Tables for X-ray Crystallography”; Kynock Press: Bir-
mingham, England, 1974; Vol. IV.

(15) See the paragraph at the end of the paper regarding supplemen-
tary material.
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Summary: The application of polarization transfer via the
INEPT pulse sequence to 2°Si NMR has been investigated
for a wide variety of silicon compounds. The method was
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Table I. Measured and Theoretical Decoupled Enhancements for *°Si NMR of Various Silicon Compounds

Eg4(measd)” Eg(theor)® 8 J, Hz
Me,Si 9.3 10.8 0 6.6
Me,SiCl 7.5 9.4 29.87 6.8
Me,SiCl, 4.8 7.8 31.66 7.3
MeSiCl, 2.9 5.8 12.34 8.1
¢-Bu,SiCl, 5.5 13.1 39.10 7.8
t-Bu,SiF, 5.8 13.1 -17.78 6.3 (JgiF = 325.3)
t-BuSiCl, 3.6 9.4 17.75 104
t-BuMeSiCl, 4.9 10.8 36.85 8.1
Ph,SiCl, 3.2 6.5 6.47 6.6 (br)
Ph,SiH, 5.0 5.0 -33.19 198.3, 5.9 (ortho), 1.0 (meta)
PhSiH, 5.7 5.8 -59.75 199.9, 6.4 (ortho), 1.1 (meta)
Et,SiH 3.6 5.0 0.28 185.3, 6.9
(Et0),SiH 4.7 5.0 ~58.82 286.1, 3.4
(MeO),Si 5.5 10.8 -78.25 3.7
(HMe,Si),0 5.1 5.0 -4.42 204.3, 7.0 (sept), 1.3 (d)
(Me,SiOMe,Si),0 6.5 9.4 7.17 6.7
(Me,SiOMe,Si),0 6.2 7.8 —-21.66 7.3
(Me,SiO), 7.1 7.8 -21.14 7.4
p-(Me,Si),C.H, 7.3 9.4 —4.22 unresol
(Me,Si1),C, 8.9 9.4 -19.13 7.1
(Me,Si),NH 4.4 9.4 2.40 broad unresol
(Me,Si),S 6.6 9.4 14.27 6.8
(Me,Si), 7.3 9.4 -19.60 6.5, 2.7
(HMes, Si), 4.7 5.0 -53.01 184.1
(t-BuMeSi), 4.2 10.8 -13.41 unresol
(Me,Si), 7.8 7.8 -41.86 6.2, 3.3

4Calculated from Eg = v(H)/y(8i)," (1 - 1/n)* 12, according to ref 4.

successful for silicon bonded to H, Me, OMe, t-Bu, and
Ph. The substantial signal enhancement which results
from this technique can reduce the time needed to obtain
a °Si NMR spectrum more than 100-fold.

Four characteristics of the #Si nucleus have made #Si
NMR difficult: (1) it has a low natural abundance (4.7%);
(2) it has a relatively small gyromagnetic ratio, resulting
in a small energy difference between the spin states and
hence a small Boltzmann population difference; (3) it has
a negative gyromagnetic ratio, so the nuclear Overhauser
effect can give reduced signal intensities; and (4) it has long
spin-lattice e relaxation times, T, which slow the rate at
which FT pulses can be repeated. The final three problems
can all be circumvented by employing a method Morris
and Freeman! have termed “insensitive nuclei enhanced
by polarization transfer” or INEPT. This method consists
of a multipulse sequence whereby nuclear spin polarization
is transferred from protons (large Boltzmann population
difference and short relaxation times) to other nuclei to
which the protons are coupled (I = 13C,! 16N,2 10118 3 28G;j 4
119Gy 4 103Rp 5 1097 g5).

A typical pulse sequence for obtaining 'H-decoupled I
NMR spectra is as follows: 90°[H,x] - r - 180°[H,x],
180°[I,x] - 7 — 90°[H,y], 90°[I,x] - A/2 - 180°[Hx],
180°(1,x] — A/2 - decouple, acquire, where 90°[H,x] rep-
resents a pulse along the x axis of appropriate length (in
microseconds) to rotate the H magnetization 90° from its
original position parallel to the z axis. 7 and A represent
delay periods (in milliseconds) during which the magne-
tization vectors are allowed to precess.

The only two parameters to be manipulated in obtaining
a spectrum are A and 7. The optimum value of A (A, =

(1) Morris, G. A.; Freeman, R. J. Am. Chem. Soc. 1979, 101, 760.

(2) Morris, G. A. J. Am. Chem. Soc. 1980, 102, 428.

(3) Pegg, D. T.; Doddrell, D. M.; Brooks, W. M.; Bendall, M. R. J.
Magn. Reson. 1981, 44, 32.

(4) Doddrell, D. M,; Pegg, D. T.; Brocks, W. M.; Bendall, M. R. JJ. Am.
Chem. Soc. 1981, 103, 727.

(5) Brevard, C.; van Stein, G. C.; van Koten, G. J. Am. Chem. Soc.
1981, 103, 6746.

(rJ)! arcsin n"1/%)* is dependent on both the number of
coupled protons, n, and the coupling constant, /, whereas
7 (Top = (4J)7)) is dependent only on the coupling constant.
Because the relationship of A and 7 to the decoupled en-
hancement, E, is sinusoidal, E; is fairly insensitive to
variations in 7 and A:

E4 = n(y(H) /(D)) sin (xJA) cos™! (7JA) sin (27J7)*6

Doddrell et al.* have successfully applied polarization
transfer to the simple methyl substituted silanes Me,Si,
Me;SiCl, and Me,SiCl,, which gave signal enhancement
factors of 9.2, 8.5, and 5.0, respectively. We have found
the method to be extremely powerful and generally ap-
plicable to a wide variety of mono- and polysilanes (Table
I). The substituents found to be useful for polarization
transfer include H, Me, OMe, t-Bu, and Ph. This illus-
trates that polarization transer is dependent only on the
existence of a sufficiently strong coupling between Si and
H and not on the number of bonds separating Si and H.

The enhancement factors’ obtained vary from 2.9 to 9.3.
The deviation of the measured enhancement factors from
the theoretical values results from T, relaxation during the
pulse sequence. This problem is most severe where Jgy
is very small, giving long delay period r and A, and where
T, is very fast, as in compounds containing Si~Cl or Si~N
bonds.

The significance of the application of polarization
transfer to 2Si NMR can best be seen in terms of time
saving. Since the enhanced population difference is
“pumped” from 'H to #Si during each multipulse cycle,
only 'H with its relatively fast spin—lattice relaxation (77)
has to be given time to relax. This allows repetition of

(6) Burum, D. P.; Ernst, R. R. J. Magn. Reson. 1980, 39, 163.

(7) The enhancement factors reported are the signal to noise of de-
coupled spectra obtained by using the INEPT sequence relative to
spectra obtained by using a 90° #Si pulse and gated decoupling. All
samples were 10-15% in benzene-dg in 10-mm tubes. Spectra were ob-
tained from four scans, with a 2-min delay between scans in the single
pulse experiments and a 30-s delay in the INEPT experiments; A and =
were calculated by using the largest indicated values of Jg;y. All exper-
iments were performed on a JEOL FX-200 spectrometer.
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scans approximately three to six times faster than with the
conventional single pulse experiment. Additionally, a given
signal/noise level can be attained (E4)? times faster from
polarization transfer than from the single pulse metods.
These factors combine to give time saving factors varying
from about 30 to 300.
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Summary: The (methoxymethyi)ethyleneiridium(I) com-
plex Ir(CH,OCH,)C,H XP(CH,);); (1) reacts readily with
trimethyisilyl trifluoromethanesulfonate to form the hydrido
allyl compound [IrH(C;HsXP(CH,)s)s] [CF3S0,] (2). Sus-
pected intermediates include a methylene ethylene com-
plex which rapidly converts to a metallacyclobutane
complex and subsequently undergoes 3 elimination to
form 2.

The currently favored mechanism for the olefin me-
tathesis reaction requires, as one important step, the
coupling of an olefin with a transition-metal carbene ligand
to form a metallacyclobutane complex.! Examples of the
intramolecular reaction of a metal-bound olefin with a
metal-bound carbene or alkylidene ligand, in well-char-
acterized metal complexes, are however few?? and are
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generally confined to complexes of the earlier transition
metals.*> Methoxymethyl complexes of the later tran-
sition metals have been found to be convenient precursors
to methylene complexes, which in turn react with olefins
to form cyclopropanes.®” Some of these latter reactions
are believed to occur by a stepwise process in which the
olefin is never directly bonded to the metal in the usual
n? fashion.”®

(3) A “valence isomer” of a methylene—acetylene adduct of Ti is dis-
cussed by: McKinney, R. J.; Tulip, T. H.; Thorn, D. L.; Coolbaugh, T.
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factors which guide the interconversion of methylene—oclefin and metal-
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scans approximately three to six times faster than with the
conventional single pulse experiment. Additionally, a given
signal/noise level can be attained (E4)? times faster from
polarization transfer than from the single pulse metods.
These factors combine to give time saving factors varying
from about 30 to 300.
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This communication describes the preparation and
characterization of a stable methoxymethyl ethylene com-
plex, Ir(CH,OCH3)(C,H (P(CHs),); (1).° Treatment of
compound 1 with electrophilic reagents results in the
formation of the cationic hydrido allyl complex [IrH-
(C3Hg)(P(CHs3)3)5)5]* (2). A plausible mechanism for the
formation of 2 is illustrated in Scheme Ia. The electro-
philic reagent cleaves a C~O bond of the methoxymethyl
group, forming (at least incipiently) a reactive methylene
ligand.’® Under the reaction conditions employed here,
a bond rapidly forms between the carbon atoms of the
methylene ligand and the ethylene moiety. The initial
product is the metallacyclobutane complex but this com-
plex rapidly undergoes 8 elimination, resulting in the
formation of the hydrido allyl complex 2.1

An alternative mechanism!? for the conversion of 1 to
2 is shown in Scheme Ib. In this mechanism the initial
step is insertion of ethylene into the iridium-methoxy-
methyl bond, followed by 8 elimination to form the hydrido
olefin complex; subsequent reaction with the electrophilic
reagent forms the hydrido allyl complex 2. This mecha-
nism does not require the intermediacy of iridium-bound
methylene or metallacyclobutane species. However, a
reluctance of ethylene to insert into ordinary iridium-
carbon (alkyl) bonds is demonstrated by the stabilities of
compound 1 and a related methyl ethylene iridium(I)
complex;'° and the facile reaction of the iridium-bound
methoxymethyl group with electrophilic reagents is
known.!® Thus, while the mechanism of Scheme Ib cannot
be excluded by the present data, that of Scheme Ia appears
to be more likely.

The novel method employed here for the preparation
of compound 1 is summarized in Scheme IL}* Typically,
[Ir(P(CHj;);)4][C1]** can be converted to compound 1 in
about 25% overall yield. Two crucial aspects of this re-
action sequence are the facile removal of a “hydrido” hy-
drogen atom by strong base with concomitant reduction
of the metal center and the remarkable stability of hydrido
alkyl iridium(IIT) complexes.!®* The attempted preparation
of the rhodium analogues of 5'¢ or 1 by this reaction se-
quence fails, presumably owing to immediate decompo-
sition of the hydrido alkyl analogue of 4.1

(8) Indirect evidence for prior coordination of olefin is discussed by:
Casey, C. P.; Cesa, M. C. Organometallics 1982, 1, 87-94,

(9) 'H NMR data for 1 (C¢Dg): P(CH,)g, 6 1.00 (d, J = 7 Hz), 1.40 (t,
J (eff) = 3.5 Hz), C,H,, é 1.4 (m), IrCH,0CHyj, 3.30 (m), OCHj, & 3.28 (s).
Anal. Caled: C, 31.64; H, 7.35. Found: C, 31.25; H, 7.26.

(10) Other methoxymethyliridium complexes form reactive “carbene”
compounds. Thorn, D. L.; Tulip, T. H. J. Am. Chem. Soc. 1981, 103,
5984-5986.

(11) The conversion of metallacyclobutane complexes of iridium into
hydrido allyl complexes was first discovered by: Tulip, T. H.; Ibers, J.
A. J. Am. Chem. Soc. 1978, 100, 3252-3254; Ibid. 1979, 101, 4201-4212.
Another cationic hydrido allyl iridium complex was reported by: Ho-
warth, O, W.; McAteer, C. H.; Moore, P.; Morris, G. E. J. Chem. Soc.,
Chem. Comm. 1981, 506-507. Beta elimination in metallacyclobutane
complexes can terminate olefin metathesis catalytic cycles; see ref 4.

(12) We thank a reviewer for noting this mechanistic possiblity.

(13) Full details will be published separately. Satisfactory 'H NMR
spectra have been obtained for all compounds, and satisfactory C and H
analyses for 4 and 5. All manipulations were carried out at room tem-
perature in a nitrogen-filled drybox, owing to the air and moisture sen-
sitivity of the iridium compounds and the probable toxicity of bromo-
methyl methyl ether.

(14) Herskovitz, T.; Guggenberger, L. J. J. Am. Chem. Soc. 1976, 98,
1615-1616. Herskovitz, T. Ibid. 1977, 99, 1648-1649. Herskovitz, T.
Inorg. Synth., in press.

(15) Thorn, D. L. J. Am. Chem. Soc. 1980, 102, 7109-7110. Thorn, D.
L. Organometallics 1982, 1, 197-204.

(18) The cobalt analogue of 5 has been mentioned by: Klein, H.-F.
Angew. Chem. 1980, 92, 362-375; Angew. Chem., Int. Ed. Engl. 1980, 19,
362-375.

(17) Thorn, D. L., to be submitted for publication.
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Scheme 111
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Compound 1 is reactive toward a number of electrophilic
reagents, including [H-pyridine][PF¢] and several tri-
methylsilylating reagents. The cationic hydrido allyl
complex 2 has been the only characterizable compound
formed in these reactions. The reaction conditions found
to be most favorable for the formation of 2 are the addition
of a solution of compound 1 in hexamethyldisiloxane to
a solution of an equivalent of trimethylsilyl trifluoro-
methanesulfonate in hexamethyldisiloxane at room tem-
perature, from which analytically pure hydrido allyl com-
plex [IrH(CsHg)(P(CHj),);] [CF3SO;] (2) precipitates im-
mediately in 88% yield.!®* The same hydrido allyl cation
has been obtained by reacting the iridium(I) tris(tri-
methylphosphine) allyl compound Ir(C;H;) (P(CHj),)s (6)1°
with HPF in pyridine. Potassium tert-butoxide removes
H* from 2 to restore the neutral allyliridium(I) compound
6.

Compound 2 slowly isomerizes to a second hydrido allyl
compound, 7.2 This second hydrido allyl complex is most
likely derived from the first by a “rotation” of the allyl
group (see Scheme III), which may occur by a slow ? =
n! isomerization mechanism. From the spectral data, the
structures of 2 and 7 cannot be unambiguously determined,
and the proposed assignments illustrated in Scheme I1I
may be incorrect. However, since compound 2 is believed
to be formed directly from the metallacyclobutane complex
(see Scheme Ia), the structure shown is reasonable.!!

The method described in Scheme II unfortunately is not
general for preparing other iridium alkyloxyalkyl olefin
complexes. Many other alkyl halides react with compound
3 but form undesired products, with little or no hydrido
alkyl compound being formed. Also, under the conditions
explored in this study, many other olefins (e.g., cyclo-
octadiene, propene) do not react with compound 5. Thus,
continuing efforts to probe certain aspects of this reaction
by examining substituent effects have not yet been suc-
cessful.

The reaction illustrated in Scheme Ia supports the
possiblity of facile carbon—carbon bond formation in d?
olefin—methylene complexes.5* The reverse reaction, the
fragmentation of a d¢ metallacyclobutane complex into a
d® olefin-methylene complex, has been proposed in rear-
rangement reactions of platinacyclobutane complexes.??
Experiments are in progress to determine whether these

(18) 'H NMR of 2 (py-d;) Ir-H, § -16.0 (d, J = 130 Hz, of t, J = 18
Hz), P(CHy)s, 6 1.18 (d, J = 8 Hz of d, J(H-hydride) = 1 H2), 1.45 (d, J
= 9.5 Hz), C;H;, § 1.8 (br m), 2.5, (br d), 5.0 (br m). 3'P-decoupled 'H
NMR: CsHg, 6 1.76 (d, J = 5 Hz), 2.53 (d, J = 7 Hz), 5.05 (t of t). Anal.
Caled: C, 25.53; H, 5.44. Found C, 25.59, H, 5.44.

(19) Prepared from [Ir(P(CHj)g),){Cl] using allylmagnesium bromide.
Tulip, T. H., to be submitted for publication.

(20) In pyridine solution the isomerization requires at least 1 week at
room temperature or several hours at 65 °C. 'H NMR data for 7 (py-d;):
Ir-H, 6 -14.5 (d, J = 145.5 Hz, of t, J = 21 Hz), P(CH;)3;, 6 1.056 (d, J =
7.5 Hz of d, J (H-hydride) = 1 Hz), 1.52 (d, J = 10 Hz), CH;, § 2.5 (br
d), 3.8 (br m). Compound 7 has not yet been obtained analytically pure.

(21) Binuclear methylene and carbyne complexes react with ethylene:
Sumner, C. E., Jr.; Riley, P. E.; Davis, R. E,; Pettit, R. J. Am. Chem. Soc.
1980, 102, 1752-1754. Theopold, K. H.; Bergman, R. G. Ibid. 1981, 103,
2489-2491. Dyke, A. F.; Guerchais, J. E.; Knox, S. A. R.; Roue, J.; Short,
R. L.; Taylor, G. E.; Woodward, P. J. Chem. Soc., Chem. Commun. 1981,
537-538.

(22) Puddephatt, R. J. Coord. Chem. Reuv. 1980, 33, 149194 and ref-
erences therein.
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or related reactions can be observed in different transi-
tion-metal systems.

Registry No. 1, 81360-30-7; 2, 81360-32-9; 6, 81360-33-0; [Ir(P(C-
H;)3),][Cl], 60814-48-9.

Crystal and Molecular Structure of
Tribenzylaluminum, a Novel 5'-Arene Coordinated
Structure

A. F. M. Maqsudur Rahman, Kaniz F. Siddiqul, and
John P. Oliver*

Department of Chemistry, Wayne State University
Detroit, Michigan 48202

Received February 22, 1982

Summary: The molecular and crystal structure of tri-
benzylaluminium has been determined by single-crystal
X-ray diffraction techniques. The compound was found
to crystallize in the orthorhombic system, space group
Pbca, with unit-cell dimensions of a = 9.480 (3) A, b =
34.248 (11) A, c = 10.546 (5) A, dg0q = 1.165 g cm3,
V = 3424 (2) A% and Z = 8. Full-matrix least-squares
refinement on 1100 data gave R = 5.3% and R, =
5.6%.

The structures for a wide variety of organoaluminum
compounds have been reported and show that these species
form bridged dimers in the solid state. The structures of
trimethylaluminum,! of triphenyl-,2 dimethyl-u-phenyl-,?
and tri-o-tolylaluminum,* of diisobutyl-u-(trans-tert-bu-
tylvinyl)-aluminum,® and of tricyclopropylaluminum® have
all been determined and shown to have symmetrically
bridge bonds. Diphenyl-x-(phenylethyl)-aluminum,’ and
dimethyl-u-cyclopentadienyl-aluminum, on the other hand,
are unsymmetrically bridged. The only monomeric species
for which structures have been reported are trimethyl-
aluminum? and dimethylcyclopentadienylaluminum,!® both
determined by electron diffraction under conditions which
lead to dissociation.

We now wish to report the crystal and molecular
structure of tribenylaluminium, a molecule which has a
unique structure in the solid state with the AI(CH,Ph);
units bound together through strong intermolecular in-
teractions between C(22)’, one of the ortho carbon atoms
of the phenyl group on the adjacent molecular unit, and
the vacant p orbital of the aluminum atom.

Experimental Data. Tribenzylaluminum was prepared
from dibenzylmercury!'! (6.0 g, 0.015 mol) and aluminum

(1) Lewis, P. H.; Rundle, R. E. J. Chem. Phys. 1953 21, 987. Vranka,
R. G.; Amma, E. L. J. Am. Chem. Soc. 1967, 89, 3121. Huffman, J. C.
C.; Streib, W. E. J. Chem. Soc. D 1971, 911.

(2) Malone, J. F.; McDonald, W. 8. J. Chem. Soc., Dalton Trans. 1972,
2646,

(3) Malone, J. F.; McDonald, W. 8. J. Chem. Soc., Dalton Trans. 1972,
2649,

(4) Barber, M,; Liptak, D.; Oliver, J. P., submitted for publication in
Organometallics.

(5) Albright, M. J., Butler, W. M.,; Anderson, T. J.; Glick, M. D; Oliver,
J. P. J. Am. Chem. Soc. 1976, 98, 3995.

(6) Lsley, W. H.; Glick, M. D,; Oliver, J. P.; Moore, J. W. Inorg. Chem.
1980, 19, 3572.

(7) Stucky, G. D.; McPherson, A. M.; Rhine, W. E.; Eisch, J. J.; Con-
sidine, J. L. J. Am. Chem. Soc. 1974, 96, 1941.

(8) Teclg, B.; Corfield, P. W. R.; Oliver, J. P. Inorg. Chem. 1982, 21,
458.

(9) Almenningen, A.; Halvorsen, S.; Haaland, A. Acta Chem. Scand.
1971, 25, 1937.

(10) Drew, D. A.; Haaland, A. Acta Chem. Scand. 1973, 27, 3735.
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Table I. Experimental Data from the X-ray Diffraction
Study on Tribenzylaluminum
mol formula AlC, H,,
mol wt 300.38
cryst syst orthorhombic
space group Pbca
cell dimens
e 9.480 (3) A
b 34.248 (11 A
c 10.546 () A
vol 3424 (2) &°
VA 8
Dcalcd 1.165 g cm™
radiation Mo Ka (A=0.71069 4)
monochromator graphite crystal
refletns measd h'k}l
26 range 45°
scan type w
scan speed 2.0° min™*

bkgd measuremt

the ratio of the background to

scan time was 0.5.

std reflctns 3 std reflctns measd every 97
refletns; no significant
deviation from the mean
was observed

unique data 2604

unique data 1100

with F? > 2.50(F,?)

abs coeff, u 1.082cm™!

F(000) 1280

max shift/error for 0.00749

last least squares
cycle

Rp 5.3% wh
TIIF I——|F q I/EIF !

Ryr 5.6% where Ry, {Zw( [Fol-

IFel)?/ZwIF, l’]’”

powder (4.0 g, 0.15 mol, 8-20 mesh) following the literature
procedure.’? The reactants were placed in a tall cylindrical
vessel, equipped with a standard taper joint and stopcock.
The vessel was evacuated and 50-60 mL of toluene distilled
into it. It was attached to a pressure equalizing system
filled with Ar gas to maintain approximate atmospheric
pressure. It as then heated in an oil bath (~100 °C)
continuously for 3 days. The reaction mixture was worked
up by using standard Schlenk techniques, yield ~60% of
purified AI{(CH,Ph)s.

A suitable single crystal for X-ray diffraction studies was
grown from a benzene solution and was mounted in a
thin-walled glass capillary tube under an Ar atmosphere
in a drybox. The tube was plugged and, on removal from
the drybox, flame sealed and mounted on a goniometer
head. The data were collected on a Syntex P2, automated
diffractometer with Mo K& radiation diffracted from a
highly oriented graphite crystal in the bisecting condition
with a « scan. The specific conditions, unit cell, unit
dimensions, and other experimental parameters are given
in Table L

Solution and Refinement of the Structure. The
crystal was found to be orthorhombic and was assigned to
the space group Pbca on the basis of systematic absences.
The crystallographic data on the unit cell and other per-
tinent data are collected in Table I. The structure was
initially solved by light atom techniques through the use
of MULTAN'® which gave positions for all 22 nonhydrogen
atoms. The hydrogen atom positions were calculated by

(11) Nesmeyonov, A. V.; Borisov, A. E.; Novikova, N. V. Izv. Akad.
Nauk SSSR, Otd. Khim. Nauk 1959, 1218.

12) Exsch J. J.; Biedermann, J. M J. Organomet. Chem. 1971, 30,
167.

(13) Germain, G.; Main, P.; Wolfson, M. M. Acta Crystallogr., Sect.
B 1970, B26, 274.
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the marked distortion of the tribenzylaluminum molecule.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for support of this research.

Registry No. tribenzylaluminum, 14994-03-7.

Supplementary Material Available: Tables containing
hydrogen atom positional parameters anisotropic thermal pa-
rameters for nonhydrogen atoms and isotropic thermal parameters
for hydrogen, C-C bond lengths and C-C~C angles in the aromatic
ring, and observed and calculated structure amplitudes (12 pages).
Ordering information is given on any current masthead page.

Positively Charged Ligands. The Structure and
Bonding of Coordinated Sulfonium Cations:
Synthesis and Crystal and Molecular Structure of
Mo(CO),[PPh,(CH,),SMe,|'BF

Richard D. Adams* and Mahmoud Shiralian

Department of Chemistry
Yale University
New Haven, Connecticut 06511

Received March 9, 1982

Summary: The complex Mo{(CO),[PPh,{(CH,),SMe,] *BF ",
I, has been synthesized by alkylation of the lone pair of
electrons on the sulfur atom in Mo(CO),[Ph,P(CH),SMe],
I1. Single-crystal X-ray structural analysis of both I and
11 have been performed. For I: space group P2,/c; a
= 16.928 (5) A, b = 21.786 (12) A, c = 13.900 (9) A,
B = 106.38 (4)°; Z = 8, p(calcd) = 1.540 g/cm®. For
II: space group P2,2,2;; a = 8.150 (6) A b= 14,229
(6) A, c = 17.209 (9) A; Z = 4, p(caled) = 1.559 g/em®.

In 1976 we reported the first example of a coordinated
sulfonium cation.! An X-ray structural analysis of one
of these complexes, [MeC;H,Mn(CO),SMe,Et]*BF,,
showed an unusually short metal-sulfur bond distance.?
High-frequency stretching of the carbonyl ligands indicated
that the sulfonium ligand was strongly electron with-
drawing, and a bonding model which included a significant
amount of d,—d, back-bonding was proposed.? Since then
other examples of complexes containing positively charged
ligands have been reported.>® Interestingly the complex,

C;H;Mo(CO),[PNMe(CH,),NMe], in which the
phosphorus atom of the cyclic, positively charged phos-
phenium ligand, (PNMe(CH,),NMe)*, is coordinated to
the metal atom, showed an unusually short metal-phos-
phorus bond distance. This was also interpreted in terms
of a = back-bonding effect and was supported by MO
calculations.®®

We have now synthesized the chelate complex Mo-
(CO),[PPh,y(CH,),SMe,]*BF,", I via alkylation of the lone
pair of electrons on the sulfur atom in the chelate complex
Mo(CO),[PPhy(CH,);SMe], I1.67 In a typical preparation

(1) Adams, R. D.; Chodosh, D. F. J. Organomet. Chem. 1976, 120, C39.
(2) Adams, R. D.; Chodosh, D. F. J. Am. Chem. Soc. 1978, 100, 812.
(8) Stein, C. A.; Taube, H. J. Am. Chem. Soc. 1978, 100, 3386.

(4) (a) Montemayor, R. G.; Sauer, D. T.; Fleming, S.; Bennett, D. W.;
Thomas, M. G.; Parry, R. W. J. Am. Chem. Soc. 1978, 100, 2231. (b)
Bennett, D. W.; Parry, R. W. Ibid. 1979, 101, 755.

(5) (a) Light, R. W.; Paine, R. T. J. Am. Chem. Soc. 1978, 100, 2230.
(b) Hutchins, L. D.; Paine, R. T.; Campana, C. F. Ibid. 1980, 102, 4521.

Figure 1. An ORTEP diagram showing 50% electron density
probability ellipsoids of one of the two independent cations of
Mo(C0),[PPh,(CH,),SMe,]* in the crystal of Mo(CO),[PPh,-
(CHz)gSM62]+BF4_.

Table I. Selected Internuclear Separations (A ) with Esds
in Mo(CO),[PPh,(CH,),SMe,}'BF,", I and
Mo(CO),[PPh,(CH,),SMe], II

1
atoms molecule 1 molecule 2 av II
Mo-S 2.420 (1) 2.405(1) 2.412 2.547(1)
Mo-P 2.485(1) 2.520(1) 2.502 2.521 (1)
Mo-Cftrans 8) 1.943 (5) 1.945(6) 1.944 1.957(4)
Mo-C(trans P) 1.992(6) 1.958(5) 1.975 1.977 (4)
Mo-C(av 2.005(5) 1.988(5) 1.997 2.018(4)
trans COs)
S-C(av Me) 1.816(6) 1.822(6) 1.819 1.778(5)

0.100 g (0.213 mmol) of II and 0.100 g (0.675 mmol) of
Me;0*BF,” were vigorously stirred at room temperature,
under nitrogen in CH,Cl, solvent (40 mL) for 2 days. The
solution was filtered, and I was crystallized by addition
of hexane to give white crystals, yield 65%.7 This pseu-
dooctahedral complex contains the chelating ligand
Ph,P(CH,);SMe," in which the sulfur atom is formally
positively charged. It is hoped that a structural analysis
of I would provide further evidence about the nature of
the metal-sulfur bond and its effect on the bonding of the
other ligands to the metal atom. Thus, single-crystal x-ray
structural analyses of both I® and II° have been performed
for c%nparative purposes. Both will be described briefly
here.

An ORTEP drawing of I is shown in Figure 1. The com-
pound crystallizes with two formula equivalents in the
asymmetric crystal unit. Structurally, both molecules are
very similar, Table I presents selected bond distances for
both independent cations of I, their averaged values, and
the corresponding bond distances in II. In comparisons
with II, we will use the averaged values of 1.

(6) Ross, E. P.; Dobson, G. R. J. Inorg. Nucl. Chem. 1968, 30, 2363.

(7) 'H NMR of I (CD;CLy): 4 7.51 (m, Ph), 4.03 (dt, CH,, Jp_y; = 21.6
HZ, JH-H =6.2 HZ), 3.52 (S, Me), 2.74 (dt, CHz, JP—H =6.8 HZ, JH—H =173
Hz)

z).

(8) For I: space group P2,/c, No. 14;a = 16.928 (5) A b = 21.786 (12)
A ¢ =13900 (9) A, 8 = 106.38 (4)° Z = 8, piueq) = 1.540g/cm®.
Least-squares refinement on 4912 reflections, Fy? 2 3.0¢(F?) produced the
final residuals B, = 0.700 and R, = 0.084.1° Hydrogen contributions were
not included in this analysis. Only atoms heavier than fluorine were
refined anisotropically.

(9) For II: space group P2,2,2,, No. 19; a = 8.150 (6) A, b = 14.229
6) A, c =17.209 (9) A; Z = 4, peqoq) = 1.559g/cm®. Least-squares re-
finement on 1699 reflections, F2 = 2.00(#?) produced the final residuals
R, =0.025 and R, = 0.022. Hydrogen atom contributions were included
in the structure factor calculations, but they were not refined. All non-
hydrogen atoms were refined anisotropically.

(10) Intensity data were collected on an Enraf-Nonius CAD-4 auto-
matic diffractometer. Both structures were solved by the heavy-atom
method. All calculations were done on a Digital PDP-11/45 computer
using the programs of the Enraf-Nonius SDP program library (version
16).

0276-7333/82/2301-0883%01.25/0 © 1982 American Chemical Society
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First and foremost, it is observed that the positively
charged sulfur atom is formally coordinated to the mo-
lybdenum atom. Second, the approximately octahedral
coordinating geometry about the metal atom is confirmed.
The molecular structure of II is very similar to that of I;
however, its metal-sulfur bond distance at 2.547 (1) A is
0.135 A longer than that in I, 2.412 A. The molybdenum-
carbon distance to the carbonyl ligand trans to the mo-
lybdenum-sulfur bond at 1.944 A is slightly shorter than
the corresponding distance of 1.957 (4) A observed in II.
The shortness of the metal-sulfur bond in I implies that
it is stronger than that in II, but this does not produce an
observable weakening of the bond trans to it as would be
expected on the basis of the = back-bonding theory.!!1?
However, structural trans effects are not usually large and
in some cases have not been observed when expected.’* In
addition, it has been proposed that trans effects are also
influenced by o bonding,’ and a ligand with a weak ¢
inductive effect would lead to a strengthening of the bond
trans to it. If sufficiently weak, this might completely
offset the weakening effect caused by the = back-bonding.
Bond distances to the ligands cis to the Mo~S bonds are
similar in both I and II. Thus, there is also no observable
structural cis effect.

Infrared spectra show that the absorption frequencies
of the carbonyl ligands in I are significantly higher than
those in I1.1* This further supports the notion that the
coordinated sulfonium group in I is strongly withdrawing
electron density from the metal atom. = back-bonding
would seem to be the most likely mechanism.

The shortness of the molybdenum-sulfur bond in I
suggests that it is thermodynamically quite stable; how-
ever, reactivity studies show that in reactions with nu-
cleophiles, it is kinetically labile. For example, under an
atmosphere of carbon monoxide, I reacts over a period of
8 h. in CH,Cl, solvent to form Mo(CO)z{PPh,-
(CH,);SMe,]*BF,~.1® Over the same period of time, II
shows no significant reaction with CO. Parry showed that
the cationic complex Fe(CO),[PNMe(CH,),NMe]* was
also unusually reactive in nucleophilic substitution reac-
tions, but for this complex it was the ancillary carbonyl
ligands and not the positively charged ligand which was
replaced.?

In summary, it has been found that the coordinate bond
between a metal atom and sulfonium cation is unusually
short. Interestingly, this ligand does not produce a sig-
nificant structural trans-weakening effect. Further studies
of the structure, bonding and reactivity of this unusual
coordinate bond are in progress.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for support of this research and to the
Alfred P. Sloan Foundation for a fellowship to R.D.A.

Supplementary Material Available: Complete tables of
structure factor amplitudes, fractional atomic coordinates, bond
distances, and bond angles are available for both crystal structures
(39 pages). Ordering information is given on any current masthead
page.

(11) Appleton, T. G.; Clark, H. D.; Manzer, L. E. Coord. Chem. Rev.
1973, 10, 335.

(12) Plastas, H. F.; Stewart, J. M.; Grim, S. O. Inorg. Chem. 1973, 12,
265.

(13) Vahrenkamp, H. Chem. Ber. 1971, 104, 449.

(14) Pidcock, A.; Richards, R. E.; Venanzi, L. M. J. Chem. Soc. A 1966,
1707.

(15) IR (CH,Cly): for I {(CO) 2048 (s), 1965 (m, sh), 1943 (vs, br) cm™;
for II »(CO) 2023 (ms), 1913 (s), 1869 (ms) cm™.

(16) For Mo(CO)s[PPhy(CH,),SMe,]*BF,; IR (CH,Cl;) »(CO) 2075
(ms), 1996 (w), 1946 (vs, br) cm™'; 'H NMR (CDCl,) é 7.53 (m, Ph), 3.19
(br, CH,), 2.93 (s, Me), 2.87 (br, CH,); yield 88%.

Homogeneous Activation of the C—H Bond.
Formation of Phenyislloxanes from Benzene and
Sllicon Hydrides

Wayne A. Gustavson, Paul S. Epstein, and
M. David Curtis*

Department of Chemistry, The University of Michigan
Ann Arbor, Michigan 48109

Received March 5, 1982

Summary: Pentamethyidisiloxane reacts with benzene
under catalysis by Vaska's compound to yield phenyl-
siloxanes and other redistribution products. The com-
pound Ir(PhYCO)L, (L = Ph4P) reacts with pentamethyl-
disiloxane in a very unusual fashion to give a series of
methylsiloxane oligomers end-capped with one or two
pheny! groups.

Homogeneous activation of the C-H bond to substitu-
tion of hydrogen by other functionalities is one important
goal of current chemical research. There are now a goodly
number of reports which describe the reactions of metal
complexes with C-H bonds to give insertion products of
the type M(H)R or M(H)Ar (R = alkyl, Ar = aryl).!
However, we know of only one report which describes a
catalytic activation-substitution, other than simple H/D
exchange, on a C-H bond. That is the brief description
by Parshall of the reaction of benzene with triethyl-
aluminum in the presence of Cp,NbHj; to yield phenyl-
diethylaluminum.»® We wish to report the second such
activation—substitution of an aromatic C-H bond: the
reaction of benzene with silyl hydrides in the presence of
iridium(I) complexes to give phenylsilanes.

The activity of some group 8 metal complexes, including
those of Ir, Rh, Pt, and Pd, for the catalyzed oligomeri-
zation of tetraalkyldisiloxanes (eq 1) has been described.

[cat.]
(n + 1)(HMe,8i),0 ——

nMegsin + HMegsi(OSihD/.[eé)nOSiMezH (1)
E/ n ‘4

In effect, the oligomerization reaction represents a cata-
lyzed exchange of SiO groups for H in the Si-H bond
(referred to as an SiO/H exchange). Further investiga-
tion®” has revealed that slower Me/H and SiO/Me ex-
changes also occur in these systems, resulting in complex
mixtures. For example, when pentamethyldisiloxane,
Me;SiOSiMe,H, was stirred in benzene with 2 mol % of
Vaska’s complex Ly,(CO)IrCl under N, at 60 °C, the

(1) The following list of leading references is representative: (a)
Parshall, G. W. Catalysis (London) 1977, 1, 335. (b) Parshall, G. W.
“Homogeneous Catalysis”; Wiley-Interscience: New York, 1980; pp
123-128. (c¢) Janowicz, A, H.; Bergman, R. G. J. Am. Chem. Soc. 1982,
104, 352. (d) Berry, M.; Elmitt, K.; Green, M. L. H. J. Chem. Soc., Dalton
Trans. 1979, 1950. (e) Bradley, M. G.; Roberts, D. A.; Geoffroy, G. L. J.
Am. Chem. Soc. 1981, 103, 379. (f) Webster, D. E. Adv. Organomet.
Chem. 1977, 15, 147-188. (g) Ittel, S. D.; Tolman, C. A.; English, A. D;
Jesson, J. P. J. Am. Chem. Soc. 1978, 100, 7577. (h) Rausch, M. D.;
Gastinger, R. G.; Gardner, S. A,; Brown, R. K.; Wood, J. 8. Ibid. 1977,
99, 7870.

(2) Parshall, G. W. Acc. Chem. Res. 1975, 8, 113.

(3) Metal ions which are strong Lewis acids, e.g., Pd** will, in the
presence of oxygen, catalyze the coupling of arenes to biaryls etc.!**f The
mechanisms of these reactions are not well documented, but probably
o-arylmetal complexes are formed via Friedel-Crafts type reactions (see
ref 1b,f). These electrophilic substitutions are considered outside the
scope of the “insertion” type discussed here.

(4) Curtis, M. D.; Greene, J. J. Am. Chem. Soc. 1978, 100, 6362.

(5) Curtis, M. D.; Epstein, P. S. Adv. Organomet. Chem. 1981, 19,
213-255.

(6) Gustavson, W. A.; Bell, L. G.; Curtis, M. D., to be submitted for
publication.

(7) Gustavson, W. A.; Epstein, P. S,; Curtis, M. D., to be submitted
for publication.
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First and foremost, it is observed that the positively
charged sulfur atom is formally coordinated to the mo-
lybdenum atom. Second, the approximately octahedral
coordinating geometry about the metal atom is confirmed.
The molecular structure of II is very similar to that of I;
however, its metal-sulfur bond distance at 2.547 (1) A is
0.135 A longer than that in I, 2.412 A. The molybdenum-
carbon distance to the carbonyl ligand trans to the mo-
lybdenum-sulfur bond at 1.944 A is slightly shorter than
the corresponding distance of 1.957 (4) A observed in II.
The shortness of the metal-sulfur bond in I implies that
it is stronger than that in II, but this does not produce an
observable weakening of the bond trans to it as would be
expected on the basis of the = back-bonding theory.!!1?
However, structural trans effects are not usually large and
in some cases have not been observed when expected.’* In
addition, it has been proposed that trans effects are also
influenced by o bonding,’ and a ligand with a weak ¢
inductive effect would lead to a strengthening of the bond
trans to it. If sufficiently weak, this might completely
offset the weakening effect caused by the = back-bonding.
Bond distances to the ligands cis to the Mo~S bonds are
similar in both I and II. Thus, there is also no observable
structural cis effect.

Infrared spectra show that the absorption frequencies
of the carbonyl ligands in I are significantly higher than
those in I1.1* This further supports the notion that the
coordinated sulfonium group in I is strongly withdrawing
electron density from the metal atom. = back-bonding
would seem to be the most likely mechanism.

The shortness of the molybdenum-sulfur bond in I
suggests that it is thermodynamically quite stable; how-
ever, reactivity studies show that in reactions with nu-
cleophiles, it is kinetically labile. For example, under an
atmosphere of carbon monoxide, I reacts over a period of
8 h. in CH,Cl, solvent to form Mo(CO)z{PPh,-
(CH,);SMe,]*BF,~.1® Over the same period of time, II
shows no significant reaction with CO. Parry showed that
the cationic complex Fe(CO),[PNMe(CH,),NMe]* was
also unusually reactive in nucleophilic substitution reac-
tions, but for this complex it was the ancillary carbonyl
ligands and not the positively charged ligand which was
replaced.?

In summary, it has been found that the coordinate bond
between a metal atom and sulfonium cation is unusually
short. Interestingly, this ligand does not produce a sig-
nificant structural trans-weakening effect. Further studies
of the structure, bonding and reactivity of this unusual
coordinate bond are in progress.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for support of this research and to the
Alfred P. Sloan Foundation for a fellowship to R.D.A.

Supplementary Material Available: Complete tables of
structure factor amplitudes, fractional atomic coordinates, bond
distances, and bond angles are available for both crystal structures
(39 pages). Ordering information is given on any current masthead
page.

(11) Appleton, T. G.; Clark, H. D.; Manzer, L. E. Coord. Chem. Rev.
1973, 10, 335.

(12) Plastas, H. F.; Stewart, J. M.; Grim, S. O. Inorg. Chem. 1973, 12,
265.

(13) Vahrenkamp, H. Chem. Ber. 1971, 104, 449.

(14) Pidcock, A.; Richards, R. E.; Venanzi, L. M. J. Chem. Soc. A 1966,
1707.

(15) IR (CH,Cly): for I {(CO) 2048 (s), 1965 (m, sh), 1943 (vs, br) cm™;
for II »(CO) 2023 (ms), 1913 (s), 1869 (ms) cm™.

(16) For Mo(CO)s[PPhy(CH,),SMe,]*BF,; IR (CH,Cl;) »(CO) 2075
(ms), 1996 (w), 1946 (vs, br) cm™'; 'H NMR (CDCl,) é 7.53 (m, Ph), 3.19
(br, CH,), 2.93 (s, Me), 2.87 (br, CH,); yield 88%.

Homogeneous Activation of the C—H Bond.
Formation of Phenyislloxanes from Benzene and
Sllicon Hydrides

Wayne A. Gustavson, Paul S. Epstein, and
M. David Curtis*

Department of Chemistry, The University of Michigan
Ann Arbor, Michigan 48109

Received March 5, 1982

Summary: Pentamethyidisiloxane reacts with benzene
under catalysis by Vaska's compound to yield phenyl-
siloxanes and other redistribution products. The com-
pound Ir(PhYCO)L, (L = Ph4P) reacts with pentamethyl-
disiloxane in a very unusual fashion to give a series of
methylsiloxane oligomers end-capped with one or two
pheny! groups.

Homogeneous activation of the C-H bond to substitu-
tion of hydrogen by other functionalities is one important
goal of current chemical research. There are now a goodly
number of reports which describe the reactions of metal
complexes with C-H bonds to give insertion products of
the type M(H)R or M(H)Ar (R = alkyl, Ar = aryl).!
However, we know of only one report which describes a
catalytic activation-substitution, other than simple H/D
exchange, on a C-H bond. That is the brief description
by Parshall of the reaction of benzene with triethyl-
aluminum in the presence of Cp,NbHj; to yield phenyl-
diethylaluminum.»® We wish to report the second such
activation—substitution of an aromatic C-H bond: the
reaction of benzene with silyl hydrides in the presence of
iridium(I) complexes to give phenylsilanes.

The activity of some group 8 metal complexes, including
those of Ir, Rh, Pt, and Pd, for the catalyzed oligomeri-
zation of tetraalkyldisiloxanes (eq 1) has been described.

[cat.]
(n + 1)(HMe,8i),0 ——

nMegsin + HMegsi(OSihD/.[eé)nOSiMezH (1)
E/ n ‘4

In effect, the oligomerization reaction represents a cata-
lyzed exchange of SiO groups for H in the Si-H bond
(referred to as an SiO/H exchange). Further investiga-
tion®” has revealed that slower Me/H and SiO/Me ex-
changes also occur in these systems, resulting in complex
mixtures. For example, when pentamethyldisiloxane,
Me;SiOSiMe,H, was stirred in benzene with 2 mol % of
Vaska’s complex Ly,(CO)IrCl under N, at 60 °C, the

(1) The following list of leading references is representative: (a)
Parshall, G. W. Catalysis (London) 1977, 1, 335. (b) Parshall, G. W.
“Homogeneous Catalysis”; Wiley-Interscience: New York, 1980; pp
123-128. (c¢) Janowicz, A, H.; Bergman, R. G. J. Am. Chem. Soc. 1982,
104, 352. (d) Berry, M.; Elmitt, K.; Green, M. L. H. J. Chem. Soc., Dalton
Trans. 1979, 1950. (e) Bradley, M. G.; Roberts, D. A.; Geoffroy, G. L. J.
Am. Chem. Soc. 1981, 103, 379. (f) Webster, D. E. Adv. Organomet.
Chem. 1977, 15, 147-188. (g) Ittel, S. D.; Tolman, C. A.; English, A. D;
Jesson, J. P. J. Am. Chem. Soc. 1978, 100, 7577. (h) Rausch, M. D.;
Gastinger, R. G.; Gardner, S. A,; Brown, R. K.; Wood, J. 8. Ibid. 1977,
99, 7870.

(2) Parshall, G. W. Acc. Chem. Res. 1975, 8, 113.

(3) Metal ions which are strong Lewis acids, e.g., Pd** will, in the
presence of oxygen, catalyze the coupling of arenes to biaryls etc.!**f The
mechanisms of these reactions are not well documented, but probably
o-arylmetal complexes are formed via Friedel-Crafts type reactions (see
ref 1b,f). These electrophilic substitutions are considered outside the
scope of the “insertion” type discussed here.

(4) Curtis, M. D.; Greene, J. J. Am. Chem. Soc. 1978, 100, 6362.

(5) Curtis, M. D.; Epstein, P. S. Adv. Organomet. Chem. 1981, 19,
213-255.

(6) Gustavson, W. A.; Bell, L. G.; Curtis, M. D., to be submitted for
publication.

(7) Gustavson, W. A.; Epstein, P. S,; Curtis, M. D., to be submitted
for publication.
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Figure 1. Total ion trace of the GC-mass s of the mixture
from the reaction of pentamethyldixiloxane and Lo(CO)IrPh (1)
(1:1). The notation here and in the text is as follows: E =
Me3Si01 2 D= Mezsi()g/g; D= MeHSi02/2; EP = MegPhSiOm;

= HMe,8i0, ;. Thus, PhMe,Si0SiMe;0SiMe; is written as
E*DE.

products include Me;SiOSi(HYMeOSiMe; (ED’E, 75%),
Me;Si0SiMe,0SiMe; (EDE, 5%), and Me,Si-
(0SiMe,),0SiMe, (ED,E, 4%) (the shorthand notation,
ED,E etc., is explained in the caption to Figure 1). Also
detected in this mixture was the phenylsiloxane,
PhMe,SiOSiMe; (EFE, 2%). Similarly, small (1-2%)
yields of phenyltetramethyldisiloxane, PhMe,SiOSiMe,H
(EFE’), were detected when tetramethyldisiloxane was
treated with Ly(CO)IrCl or Ly;RhCl (L. = Ph,P) in benzene.

The source of the phenyl groups was easily established
by running the redistribution reactions in benzene-d,.
When L,(CO)IrCl was the catalyst precursor the resulting
phenylsiloxanes were dg substituted. No deuterium was
incorporated into the phenyl groups of the phenylsiloxanes
when L;RhCl was the catalyst precursor, thus, indicating
that in this case the phenyl groups are coming from the
Ph,P ligands of the rhodium complex.?

Since it could be argued that the low yields of phenyl-
siloxanes did not demonstrate true catalysis, we sealed a
mixture consisting of 20 mL of benzene, 35.9 mmol of
pentamethyldisiloxane, and 0.746 mmol of L,(CO)IrCl in
an ampule and heated this mixture to 100 °C for 49 days.
At the end of this time, the ampule was opened, and the
contents were subjected to a GC/MS analysis. The mix-
ture consisted of the expected redistribution products and
phenyl siloxanes, the major components being Me;SiH
(9%), EE’ (22%), E'DE’ (13%), EDE (7%), E'D,E’ (5'),
ED,E (10%), EFE (17%), EFEF (2.5%), and about 2%
total of the phenylsiloxanes EFDE/, EFDE, EFDEF, EFD,E/,
and EFD,E. The product mix corresponds to a total of 10.0
mmol of Si-Ph bonds or 13.4 Si-Ph bonds formed per Ir.

A possible catalysis cycle for the formation off Ph-Si
bonds is shown in eq 2-4. The net reaction is shown in
eq 5 (M = Ly(CO)Ir, R = e.g., MegSiO).

M—Cl1 + RMe,SiH = [M(H)(C1)SiMe,R] —
M—H + RMe,SiCl (2)

(8) A reviewer raised the possibility that the phenyl-containing prod-
ucts might be artificats of the analysis method. This possibility is rejected
for the following reasons (1) the same GC curves were obtained on two
separate instruments, (2) the extent of phenyl incorporation is inde-
pendent of whether or not solvent was removed before GC analysis, and
(3) the product mix and extent of phenyl incorporation changes with time,
which would not be the case if the products were forming in the mass
spectrometer or the GC column. No differences were observed between
product analyses conducted by transferring all volatiles from the metal
complexes by trap to trap vacuum transfer followed by GC analysis or
by simply injecting the reaction mixture onto the GC column.

Organometallics, Vol. 1, No. 6, 1982 885

M—H + Ph—H = [MH,Ph] = M—Ph + H, (3)
M—Ph + RMe,SiH = [M(H)(Ph)(SiMe;R)] =
1

MH + PhSiMe;R (4)
PhH + RMe,SiH — H, + RMe,SiPh (5)

The first step (eq 2), i.e., the formation of silyl chlorides
and metal hydrides, has been observed previously.#*1° In
order to test the feasibility of eq 4, we prepared the phe-
nyliridium complex, Ly(CO)IrPh,!! and allowed it to react
with pentamethyldisiloxane (E’E) (1:1) at 60 °C in benzene
for 1 h. Rather surprisingly, the simple oxidative addi-
tion-reductive elimination reaction (eq 4) does not occur.

Instead, a remarkable series of oligomers, EFD,E and
EPD,EP, end-capped with one or two phenyls is produced
in addition to some of the products which arise from the
catalyzed redistribution of groups on the starting disiloxane
(see Figure 1).

The course of this remarkable reaction is at present
unclear. Presumably, under the influence of L,(CO)IrPh
or one of its reaction products, some pentamethyldisiloxane
(EE’) disproportionates into tetramethyldisiloxane (E'E’)
and hexamethyldisiloxane. The EE’ and E’E’ are then
oligomerized into E'D,E and E’'D,E’ which in turn react
via H/Ph exchange to give the observed products, E*D E
and EFD,EP, respectively.'?

When this stoichiometric reaction of Ly(CO)IrPh and
pentamethyldisiloxane was carried out in C4Dg solvent, two
things were apparent. First, benzene (C¢Hg) was detected,
suggesting that intermediates, e.g., 1 can reductively
eliminate any of the three possible products, CzHs,
RMe,SiH, or RMe,SiPh. Second, very little (<2%)
CgDg-derived phenyl was incorporated into the initially
formed phenylsiloxanes. However, on standing for 7 days
at room temperature, the mixture becomes more complex
due to further redistribution reactions on silicon, and the
phenylpentamethyldisiloxane (EFE) became enriched to
40% CgDg groups. This enrichment is not due to H/D
exchange since no intermediate stages of deuterium in-
corporation, CgH; ,D,, were found. Thus, the rate of
benzene activation is less than the rate of siloxane dis-
proportionation. The rate of siloxane disproportionation
is comparable to, or faster than, the rate of Ph/H exchange
on silicon as expressed in eq 4.

At this point, we wish to stress two things. First, the
potential for the catalytic formation of phenylsilanes from
benzene and silyl hydrides has been demonstrated. A route
to these compounds which does not involve chlorinated
aromatics may have technological implications. Second,
the catalyst system used here is by no means optimized
for CH activation. Surely, nonproductive insertion into
the ortho CH bonds of the PhyP ligands competes with
insertion into the benzene C-H bonds (see especially ref
1c). We are presently testing more suitable complexes for
the catalysis of reaction 5.

Acknowledgment. We thank the Office of Naval Re-
search for support of this research.

Registry No. pentamethyldisiloxane, 1438-82-0; benzene, 71-43-2;
(PhgP),(CO)IrPh, 42402-07-3; (PhyP),(CO)IrCl, 15318-31-7;
MeySiOSi(H)MeOSiMe;, 1873-88-7; Me3SiOSiMe,08iMes, 107-51-7;
MeSSi(OSiMez)QOSiMes, 141'62-8; MegsiH, 993-07-7, HMezsi-
(OSiMe,),08iHMe,;, 1000-05-1; PhMe,SiOSiMe;, 14920-92-4;
PhMe,SiOSiMe,Ph, 56-33-7.

(9) Chalk, A. J.; Harrod, J. F. J. Am. Chem. Soc. 1965, 87, 16.

(10) Chalk, A. J. J. Chem. Soc. Chem. Commun. 1969, 1207.

(11) Rausch, M. D.; Moser, G. A. Inorg. Chem. 1974, 13, 11.

(12) The iridium-containing product, an off-white solid, appears to be
a mixture of hydrides L,(CO)IrH; and L,(CO)IrH and hydrides arising
from insertion into the ortho C-H bonds of the ligands.
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Rhodium A-Frame Promoted Decomposition of
Alkylnitrosoureas and Isocyanate Formation

Carrle Woodcock and Richard Eisenberg®
Department of Chemistry, University of Rochester
Rochester, New York 14627

Received February 23, 1982

Summary: The Rh(0) A-frame complex Rh,(u-COXCO),-
(dpm), promotes the decomposition of alkyInitrosoureas
leading to the formation of Rh,(NCO),(CO),(dpm), in
>95% isolated yield and gaseous products including H,,
CO, and carbene derived products. The compiex [Rh,-
(u-H)(u-CO)(CO),(dpm),]* reacts similarly forming the
u-NCO complex [Rh,(u-NCO)CO),(dpm),]*.

In the presence of transition-metal complexes, alkyl-
nitrosoureas (ANU, RN(NO)CONH,; MNU, R = Me;
ENU, R = Et) have been shown to act as mild nitrosylating
agents and carbene sources, presumably through the in-
termediacy of diazoalkanes. These two different reaction
pathways have been reported by Herrmann and cowork-
ers,! for closely related cyclopentadienyl carbonyl com-
plexes of rhodium and cobalt as shownineq 1 and 2. In

f =
C CO
N
Rh—Rh/ or 2 Rh +
e \
oC
oC Cco
\/
0
RHZC\ 86% /C\ /C
- r— —_— —Rh
/N C—NH2 Py /Rh 1)
ON H
o]
0
il
1% <~
2 Co + ANU = CO—¢CO (2)
\N/
oo co Il
0

this paper we report that certain binuclear complexes
promote the decomposition of ANU leading to the for-
mation of isocyanate complexes and reduction products
including H, and, when R = Me, methane.

In a typical experiment, the tricarbonyl A-frame complex
Rh,(u-CO)(CO)y(dpm),, 1,2 reacts with MNU or ENU in
dried, degassed benzene at 70 °C to form the diisocyanate
complex Rhy(NCO),(CO),(dpm),, 2,* which precipitates
from solution in >95% isolated yield, along with CO, CO,,
H,, and carbene-derived arbene-derived products which
are discussed further below. When the bridging hydride
complex [Rhy(u-H)(u-CO)(CO)y(dpm),]™*, 3,2 is employed,
the reaction with MNU yields the bridging isocyanate
species [Rhy(u-NCO)(CO),(dpm),]*, 4, as the metal com-
plex product (>95% isolated yield obtained by precipita-
tion from the reaction solution). In these reactions, the
binuclear complexes promote ANU decomposition. In

(1) (a) Herrmann, W. A,; Kruger, C.; Goddard, R.; Bernal, L. J. Orga-
nomet. Chem. 1977, 140, 73. (b) Herrmann, W. A.; Bernal, I. Angew.
Chem., Int. Ed. Engl. 1977, 16, 172.

(2) Typical reactions amounts: 0.21 g (0.2 mmol) of Rhy(u-CO)
(CO)4(dpm),, 1, 0.21 g (2 mmol) of MNU, or 0.23 g (2 mmol) of ENU and
40 mL of benzene in a 140-mL reaction flask.

(3) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. Soc. 1980, 102, 3637.
Kubiak, C. P.; Woodcock, C.; Eisenberg, R. Inorg. Chem., in press.

(4) IR (Nujol): rcg 1975 (vs) em™; vypo 2235 (vs) em™. Anal. Caled
for Rh,P,N,O,CsH,,: C, 58.2; H, 4.0; N, 2.5; P, 11.1. Found: C, 57.8;
H, 4.1; N, 2.6; P, 11.3.
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their absence, MNU and ENU show no evidence of de-
composition during the time period in which the reaction
with metal complex occurs. Complex 2 had been syn-
thesized previously by a metathesis procedure,” while
complex 4 can be prepared from 2 independently by re-
action with 1 equiv of AgBF,8 or p-toluenesulfonic acid.

The gaseous products from the reaction of 1 and MNU
are shown as a function of time in Figure 1.” Only H, and
CH, correspond to reduction products in this reaction in
which the metal centers are oxidized from Rh(0) to Rh(I).2
The origins of both H, and CH, have been probed by using
selectively labeled MNU. When MeN(NO)COND, (65%
labeled) is employed in the reaction with 1, D,, HD, and
H, are obtained, as is a mixture of CH,D,, CH;D, and CH,.
Clearly, the N-bound protons of the MNU substrate serve
as a common origin for H, and half of the hydrogen atoms
in the methane produced. The remaining part of the
methane molecule is thought to arise from methylene
carbene. This conclusion is supported by the observation
of CoH, in the product gases and by the results of other
ANU decomposition experiments.

The observation of CO in the product gases during early
stages of the reaction suggests that CO loss from 1 occurs
concomitant with or prior to the promotion of MNU de-
composition. This is supported by complete inhibition of
the reaction of 1 + MNU when carried out under CO (1
atm). The subsequent conversion of CO to CO, which is
seen in Figure 1 appears to be a secondary process unre-
lated to ANU decomposition and the carbene forming
steps of the reaction.

When ENU is reacted with 1, the product gases include
butenes, ethylene, CO, CO,, and Hj as the only reduction
product, and when a mixture of MNU and ENU is em-
ployed, propylene is found to be a major component of the
hydrocarbon products. This evidence thus supports the
formation of carbenes, or at least their diazoalkane pre-
cursors, in the decompositions of ANU promoted by 1. (A
reviewer has suggested that olefins may form via the re-
action of diazoalkane with the conjugate acid alkyldi-
azonium cation which can form in this system.) However,
only with MNU is a reduced hydrocarbon, CH,, formed
as a primary product; with ENU, only H, is obtained.

The reaction of 3 with MNU produces a mixture of
gaseous products which is virtually identical with that
shown in Figure 1 during the first 6 h. Subsequently,
ethane is produced with a corresponding decrease in C,H,
and H,. Since 3 is formed from 1 by reversible protona-
tion,® the reaction may proceed via the same pathway as
that followed by 1 during the first several hours. The
ethane produced is a secondary product and arises because
of the ability of 4 to function as a hydrogenation catalyst.
This was verified separately by heating a benzene solution
of 4 under C,H, and H, (1:1, 700 torr, 60 °C). C,Hg was
observed to form at an initial rate of 0.6 turnovers/h.

(5) Sanger, A. R. J. Chem. Soc., Dalton Trans. 1981, 228,

(6) IR (Nujol): »co 1994 (s), 1979 (vs) cm™; vyco 2205 (vs) cm™; vpp
1057 (s) cm™'. 'H NMR ((CD;),CO) 6 7.90 (m, 8), 7.51 (m, 16), 7.36 (m,
8), 4.24 (m, 2), 4.18 (m, 2).

(7) Gases were analyzed on a Hewlett-Packard 5700A Gas Chromato-
graph with thermal conductivity detectors and helium carrier gas (40
mL/min). Gas samples (0.5 mL) were withdrawn from the reaction flask
through septa using a gas-tight Pressure-Lok syringe. The following
columns were used: H,, CO, 2 ft X 1/, in. 5A molecular sieves and 12 ft
x !/, in. Porapak Q; CH,, CO,, C,H,, C;H,, C;Hg, 12 ft X 1/, in. Porapak
Q; C,Hg, 12 ft X 1/, in. 30% Dimethylsulfolane on Chromosorb P. Ho,

H,, CO,, and C,H, were also identified by mass spectrometry on a Du
Pont 490B mass spectrometer.

(8) Approximately 85% of the reduction products based on the oxi-
dized metal product have been accounted for. Solubility of the gases in
the solvent was not taken into account, and the liquid phase of the
reaction was not fully analyzed for other reduction products.

© 1982 American Chemical Society
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Rh,(c0){DPM), + MNU

9q.(mol gas/mol comple)a
i :

N

70°C
benzene

CO;

2 B

6 g 10"

time(hrs)

Figure 1. Evolution of gases produced vs. time for the reaction of 1 + MNU.

Sanger has recently shown that the chloro analogue of 4
catalyzes alkene and alkyne hydrogenations,® and it is
probable that the two systems function in a similar man-
ner.

The stoichiometry of the reaction of 1 with MNU was
also examined by using MNU:1 ratios of 1, 2, 5, 10, and
100. In the first instance the metal complex products were
a mixture of 1 and 2 only. With ratios of 2 and greater
the sole complex product was 2, and with ratios greater
than 2 significantly greater amounts of gaseous products
were not observed during the first 6 h of the reaction,
indicating that while MNU decomposition was being
promoted, actual catalysis was not occurring. It is evident
that the promotion of ANU decomposition by 1 occurs
prior to carbene formation and is intimately tied to the
generation of the isocyanate ligand in the product com-
plexes. In the aqueous base-promoted decomposition of
ANU,® hydroxide attack on the urea carbon leads to the
formation of unstable carbamic acid and alkyl diazotate
which then proceeds to diazoalkane via protonation and
dehydration as shown in eq 3. A role similar to OH™ can

0 o]
” oM~ l Hp0 + ~
HaC ¢ ———— c —— NHg <+ HCO3z
\N/\NHZ HO/\NHZ
| (3)
AN +

o)

+
H

CH3~—N=N—0" CHoNz + HOH

be envisioned for 1 in the present study in which the re-
sultant complex A loses H* (to form B) followed by a
proton shift to form a rhodium(II) hydrido isocyanate

intermediate, C. These proposed steps are summarized
in eq.4. This proposal for isocyanate formation in which

Sri— Rh\ *
T) ; NH/C=O
- cl R—N==N—20" ‘
A
\r\i/ \NH2
A"
0 | 0
/ /
/ 7
RA _ Th —N (4)
\N |
i \H_ c
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A-C are not observed directly receives support from the
reaction of 1 with an amide-containing substrate having
initial reactivity similar to ANU and from literature pre-
cedented transformations of amides. Thus, complex 1
reacts with phenylcarbamate, PnOCONH,, to produce the
diisocyanate complex 2 in 80% yield along with equivalent
amounts of CO and H,. The conversion of the metallo-
carboxamide A to the intermediate C is akin to a partial
Hofmann degradation of an amide to R-NCO and has
more direct precedence in Lindenberg’s study!! of the
reaction of metal carbonyl complexes with hydroxylamine

(9) Sanger, A. R. Prepr.—Can. Symp. Catal., 6th 1979, 37.
(10) Snyder, J. K.; Stock, L. M. J. Org. Chem. 1980, 45, 1990.

(11) Beck, W.; Lindenberg, B. Angew. Chem., Int. Ed. Engl. 1970, 9,
735.
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followed by rearrangement. An alternative to eq 4 in which
diazoic acid, R—N=N—OH, serves as the leaving group
and formulations of A and B differ slightly from the for-
mulations above cannot be ruled out at this time. How-
ever, the possibility of a direct reaction of complex 1 with
preformed alkyl isocyanate, which is known to form in
ANU decompositions,!? was ruled out by a control ex-
periment in which a benzene solution of 1 and MeNCO
is heated at reflux and yields quantitative recovery of 1.

The production of H, follows a reductive elimination
path. Since both 1 and 2 are binuclear and since 2 e are
needed for H, formation, we propose that the species
penultimate to H, generation has either structure D or E.

N YT
l H ‘ co lCOH |/NCO
ocN—pnZ —RH—NCO /Rh/ >Rh\
ac ’ H [ OCN ! H ‘ co
P P R P
~~" ~"
D E
s
I = PPhaCHzPPhz

The former has metal-metal bonded Rh(II) centers and
is analogous to binuclear oxidative addition products ob-
served by Balch!® while the latter has a Rh(I) Rh(III)
structure similar to an iridium system reported by Pignolet
and Wang.!4 The formation of methane is readily envi-

(12) Irie, H.; Kishimoto, T.; Vyeo, S. J. Chem. Soc. C 1969, 1645.

(13) Balch, A.; Labadie, J. W.; Delker, G. Inorg. Chem. 1979, 18, 1224.
Balch, A. J. Am. Chem. Soc. 1976, 98, 8049.

(14) Pignolet, L.; Wang, H. H. “Abstracts of Papers”, 180th National
Meeting of the American Chemical Society, Las Vegas, NV; American
Chemical Society, Washington, DC, 1980; Paper No. 168. Wang, H. H.
Ph.D. Thesis, University of Minnesota, 1981.

sioned from D or E by CH, insertion into one of the Rh-H
bonds followed by reductive elimination. Half of the hy-
drogens of the CH, product thus originate as the N-bound
protons of the MNU substrate consistent with our labeling
experiment.

The reaction chemistry thus shows that the binuclear
complex 1 promotes ANU decomposition leading to the
diisocyanate complex 2 and carbene formation. The hy-
dride intermediate formed following promotion of ANU
decomposition may then reductively eliminate H, or, if
MNU is the substrate, undergo CH, insertion followed by
reductive elimination. In the case of ENU, insertion of
methylcarbene into the Rh-H bond and subsequent for-
mation of ethane may be obviated by a relatively rapid
1,2-hydrogen atom shift in free CH;CH forming ethylene
which is observed in the product gases. The reaction
chemistry thus described is summarized in the Scheme I.
The factors influencing the relative ease of carbene in-
sertion into the binuclear hydride formed, and the relative
propensity of these systems to form isocyanate complexes
vs. bridging carbene complexes are under continuing study.
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Summary: In the presence of carboxylic acid anions, the
normally difficult carbonylation of (w-allyl)palladium com-
plexes can be achleved quantitatively at low pressure and
temperature, thereby providing a new low-pressure route
to 8,y-unsaturated esters from olefins. A (w-allyl)carb-
alkoxypalladium complex is proposed to be a key inter-
mediate in this reaction.

Organic synthesis via (r-allyl)palladium complexes has
attracted much attention in recent years.'? Pd(II) salts
provide activation of the allylic position of an olefin, thus
forming the basis for a variety of allylic alkylation reac-
tions.? Carbonylation of (w-allyl)palladium complexes,
although still a useful reaction, has found much less ap-
plication in organic synthesis since it requires high CO
pressure, high temperature, is very slow, and results in
modest yields of carbonylation products.>* Difficulties

*Contribution No. 3001.
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Table I. Carbomethogylation of (#-Allyl)palladium
Complexes According to Eq 1¢

yield,? %

¢
Ry 0 Rz Ry
RZ\)\/U\ ™ OMe RZ\/I\/O R
= oMe Ykn/ = \”/
R, O 0

R, R, X

H H cl 68 18
H H OAc 72 15
CH,H « 95 4
CH, H OAc 91 6
H CH, ¢ 85 4 6
H CH, OAc 92 1 3

¢ The reactions were carried out by using 1 mmol of the
palladium complex and 10 mmol of sodium butyrate in 30
mL of methanol under initial CO pressure of 50 psi until
CO absorption was complete. ® By GLC based on Pd.
Structures confirmed by GC/MS. ¢ R = CH,(CH,), for
X =Cland R = CH, for X = OAc.

are usually encountered in carbonylation of other (r-al-
lyl)metal complexes as well as a result of the high stability
of the allylic system in the = form. A method for effecting
low-pressure, mild carbonylation of (r-allyl)palladium
complexes would clearly be of interest, both synthetically
and mechanistically.

One possible way to alleviate the problematic CO in-
sertion into a Pd-C bond of the allyl ligand is to generate
a carbalkoxy ligand attached to palladium which could
then lead to formation of the carbalkoxylated product
through reductive elimination. Since carboxylic acid an-
ions are thought to uniquely promote formation of carb-
alkoxypalladium intermediates,” we reasoned that low-
pressure carbonylation of (7-allyl)palladium complexes in
the presence of these anions may be possible. Indeed,
carbonylation of chloro- and acetato-bridged complexes
can be accomplished at low CO pressure at 25 °C provided
that a carboxylic acid salt is present (eq 1). Previously,

R2
RI_%_N/X PrCOONA, MeOH
50 psi of €O, 25 °C, 30 min
2
X = Cl, OAc R o

NP NP Y

e

1400-2800 psi of CO at 50-75 °C for 5 h were required to
affect carbonylation of chioro-bridged (r-allyl)palladium
complexes in modest yields,® whereas only formation of
allylic acetates with no carbonylation is reported for re-
action of the acetato-bridged complexes with CO.® The
carbonylation reaction in the presence of carboxylate salts
is accompanied by formation of small amounts of coupling
products of the allyl ligand with the carboxylate anion for
X = Cl, whereas when X = OAc, coupling of the acetato
and allyl ligands to give allylic acetates takes place to a
small extent. Some typical results are presented in Table
L

The following procedure for the preparation of methyl
3-methyl-3-butenoate is representative. A solution con-
taining 1 g (2.54 mmol) of 2-methallylpalladium chloro
dimer and 2.79 g (25.4 mmol) of sodium butyrate in 80 mL

(4) Tsuiji, J.; Kiji, J.; Imamura, S.; Morikawa, M. J. Am. Chem. Soc.
1964, 86, 4350.

() James, D. E.; Stille, J. K. J. Am. Chem. Soc. 1976, 98, 1810.

(6) (a) Takahashi, A. Y.; Tsukiyama, K.; Sakai, S.; Ishii, Y. Tetrahe-
dron Lett. 1970, 1913, (b) Backvall, J. E.; Nordberg, R. E.; Bjorkman,
E. E.; Moberg, C. J. Chem. Soc., Chem. Commun. 1980, 943.
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of methanol was stirred under 50 psi of CO at room tem-
perature. Pd metal precipitated after 20 s, and CO ab-
sorption took place during 20 min, after which the CO was
vented and the solution was filtered and analyzed by
GC/MS to show formation of 94% of methyl 3-methyl-
3-butenoate and 4% of 2-methyl-2-propenyl n-butyrate.
The solvent was removed by distillation to give 510 mg
(88% yield based on Pd) of methyl 3-methyl-3-butenoate:
IR » 3080 (C=CH,), 1745 (C==0), 1650 cm™ (C=C); NMR
(CD,Cl,) 6 1.75 (s, 3 H, CH;C=C), 3.03 (s, 2 H, CH,C=C),
3.6?_ (s, 3 H, OCH,), 4.86 (d, 2 H, C=CH,); MS, m/e 114
(M*).

In absence of sodium butyrate, decomposition of the
chloro-bridged complexes takes place without formation
of carbonylation products. Some carbonylation, however,
does take place in the case of acetato-bridged complexes,
but it is relatively slow and accompanied by substantial
amounts of allylic acetates as a result of ligand coupling.
It is noteworthy that only this coupling reaction, with no
carbonylation at all, was observed upon reaction of ace-
tato-bridged complexes with CO in nonalcoholic solvents
and in the absence of carboxylate salts.® Thus, carbony-
lation in the presence of carboxylate anions is much faster
than the facile intramolecular migration of the acetate from
palladium to carbon. High regioselectivity is observed in
which insertion of CO occurs at the least substituted
terminal allylic carbon, as reported also in high-pressure
carbonylations of chloro-bridged palladium complexes.34

Various carboxylic acid salts are effective; reactivity as
measured by the rate of CO absorption follows the trend
sodium butyrate > sodium propionate > sodium acetate
> godium palmitate > sodium oxalate, which roughly
parallels the order of pK, (H;0) of these bases. A similar
pattern was observed in the palladium-catalyzed olefin
carbonylation reaction to diesters in which a (carbometh-
oxy)palladium complex is proposed to be the active cata-
lytic species.5 Other bases such as amines and alkoxides
are ineffective for carbonylation and lead to products of
nucleophilic attack on the allyl moiety. Only low yields
of carbonylation products are obtained when nonnucleo-
philic bases such as Ca0, Na,CO;, and 2,6-lutidine are
employed instead of carboxylate salts. The yield of the
carbonylation products is optimal at PrCOONa/Pd = 5.
At higher base concentration, considerable amounts of allyl
butyrates are formed, undoubtedly as a result of competing
nucleophilic attack of the butyrate anion on the (r-al-
lyl)palladium complex. Triphenylphosphine has an in-
hibiting effect on the carbonylation reaction. At a ratio
of Pd/PPh; = 1, the rate of CO uptake under the standard
reaction conditions using sodium butyrate and (r-meth-
allyl)palladium chloride dimer is 11 times slower than that
of the corresponding reaction in absence of triphenyl-
phosphine and leads to formation of 41% of methyl 3-
methyl-3-butenoate and 47% of 2-methallyl n-butyrate.
The large increase in the amount of the latter can be at-
tributed both to blocking of the CO coordination site and
to higher susceptibility of the phosphine-substituted com-
plex to nucleophilic attack.? Nevertheless, the marked
influence of carboxylate anions is observed here also—in
absence of sodium butyrate not even traces of carbonyla-
tion products are formed. This suggests that the role of
those anions in promoting the carbonylation of the bridged
complexes is not associated with the bridge-splitting step.

Since (w-allyl)palladium complexes are readily available
in good yields from the corresponding olefins, regio- and
chemoselectively,” a mild, high-yield carbonylation of these

(7) Trost, B. M.; Strege, P. E.; Weber, L.; Fullerton, T. J.; Dietsche,
T. d. J. Am. Chem. Soc. 1978, 100, 3407.
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complexes offers considerable synthetic utility. This is
demonstrated in the selective carbomethoxylation of
(+)-carvone to (+)-carbomethoxycarvone (1).2

0 0
PdCl, CH3(CH3)CO0NG, MeOK

— 5
50 psi of CO, 25°C

= /T\

Pd<|[<
2

COOCHs
=

1, 90%

Mechanistically, we believe that the reaction involves
generation of a (carbomethoxy)(rx-allyl)palladium complex,
2, which can be formed by insertion of CO into a Pd-O

__€00CHs  [RCOO
(—rPd
< ~co

2

\Pd/COOCHg,
OC/ AN

3

(8) Spectral Data: IR (neat) 1670 cm™ (C=0), 1735 (0C=0); NMR
(CDCl,) 6 1.78 (s, 3 H, CHy), 2.43 (m, 5 H, CH,CHCH,), 3.10 (s, 2 H,
CH,CQ0), 3.87 (s, 3 H, COOCHy), 5.00 (s, 2 H, C=CH,), 6.70 (m, 1 H,
C==CH); [a]p(hexane) +29.0 & 1.5°. Anal. Caled for C;,H,;;O4 C, 69.22;
H, 7.75. Found: C, 69.36; H, 7.94.

(9) Saegusa, T.; Tsuda, T.; Nishijima, K. Tetrahedron Lett. 1967, 4255.
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bond! followed by alcoholysis of the anhydrido ligand or
through direct base-catalyzed nucleophilic attack of
methanol on a coordinated CO.!! In addition to the
unique effect of carboxylate anions in promoting formation
of (carbomethoxy)palladium species where other bases
fail,® formation of such an intermediate in our system is
supported by the observation that (w-allyl)palladium
chloride dimer reacts with (carbomethoxy)mercuric chlo-
ride to afford methyl 3-butenoate.? To account for the
requirement of excess carboxylate salts, a o-allylic inter-
mediate such as complex 3 seems plausible. Clearly, more
work is needed in order to define the mechanism of this
reaction. Attempts to isolate complexes of the type 2 by
carbonylation of 1,3-substituted (w-allyl)palladium com-
plexes are now in progress. Also planned are extension of
our studies to other allylic metal systems as well as cata-
lytic reactions. So far we have demonstrated the feasibility
of the latter by low-pressure and -temperature carbo-
methoxylation of allyl chloride in the presence of sodium
butyrate using (r-methallyl)palladium chloride dimer as
a catalyst.?

Acknowledgment. I am grateful to Professors J. K.
Kochi and B. M. Trost for helpful discussions and to Mr.
M. A. Cushing, Jr., for excellent technical assistance.

(10) Formation of a (carbomethoxy)palladium complex by CO inser-
tion into a Pd-OAc bond in methanol has been observed: Rivetti, F.;
Romano, U. J. Organomet. Chem. 1978, 154, 323.

(11) For an example of such a process with palladium, see: Hidai, M.;
Kokura, M.; Uchida, Y. J. Organomet. Chem. 1973, 52, 431.

(12) 1400 psi of CO at 120 °C for 40 h are required for Pd-catalyzed
carbonylation of allylchloride to ethyl 3-butenoate in absence of carbox-
ylate salts: see ref 4.

Transition Metal Chemistry. Current Problems of General,
Biological and Catalytical Relevance. Edited by A. Miiller
and E. Diemann. Verlag Chemie, Weinheim. 1981. 338 pages.
$55.00.

This book brings the lectures presented at a workshop held
July 14-17, 1980, at the University of Bielefeld in Germany which
was devoted to a discussion of some currently important areas
of transition-metal chemistry. The workshop was of limited
international scope: nine of the lectures were by German, five
by British, and four by US chemists. According to the preface,
the book provides “state-of-the-art reviews for some of the most
exciting topics: new synthetic methods, metal-to-metal bonds,
polynuclear compounds, unusual ligands, bioinorganic chemistry,
and homogeneous catalysis”. Unfortunately, these reviews are
not of the state-of-the-art type in the sense of giving a balanced
overview of the topics which they cover. Rather they are the more
easily prepared (but less useful) accounts of research from the
laboratories of the respective speakers. Nevertheless, there are,
within this limitation, some excellent reviews in this book.

The specific topics covered within the general categories listed
above are the following: transition-metal photochemistry (J. J.
Turner); syntheses via metal atoms (P. L. Timms); synthesis of
metal cluster complexes (H. Vahrenkamp); metal-metal multiple
bonds in transition group 5 (F. A. Cotton); interactions of metal
complexes with Lewis acids (D. Coucouvanis); polynuclear oxo-
metallates (B. Krebs); coordination chemistry of alkylidene-
phosphoranes and phosphine-boranes (H. Schmidbaur); methy-
lene and methylidyne complexes (W. A. Hermann); boron het-

erocycles as ligands (W. Siebert); zinc biochemistry (B. L. Vallee);
transition metals in human biology and medicine (D. R. Williams);
chemistry related to biological fixation of nitrogen (J. Chatt);
transition-metal complexes with simple sulfur-containing ligands
(A. Miller and E. Diemann); Méssbauer studies in bioinorganic
chemistry (A. X. Trautwein and E. Bill); asymmetric synthesis
(H. Brunner); optically active electron-rich olefins and their
complexes (M. F. Lappert); metallocarborane catalysts (M. F.
Hawthorne); palladium and platinum complexes (W. Beck).
Which of these reviews will appeal to a particular reader will
depend on his own interests in transition-metal chemistry. At
least ten will be of interest to the organometallic chemist.

All manuscripts are photoreproduced typescripts. In spite of
the lack of uniformity in appearance this brings, the book is well
produced, with excellent figures and an attractive appearance.
It should find its way to the shelves of all chemistry libraries.

Dietmar Seyferth, Massachusetts Institute of Technology

Metal-Catalyzed Oxidations of Organic Compounds. By
Roger A. Sheldon and Jay K. Kochi. Academic Press, New York.
1981. xix + 424 pp. $56.00.

This book stands apart from the literature in the field of
oxidation chemistry. Its uniqueness stems from the attempt of
the authors to develop and present a general mechanistic approach
for all types of oxidation reactions independently of their ho-
mogeneous, heterogeneous, or enzymatic nature. These three areas
have been traditionally treated as separate disciplines with no
relevance to each other. The writing style is good, and a fast
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orientation into the presented material is facilitated by its logical
arrangement and by the fact that the authors assume only a basic
knowledge of organic and organometallic chemistry. The wealth
of information contained in this monograph is divided into 13
chapters, each containing approximately 130 references. Besides
the extensive bibliography, additional reading is suggested at the
end of all the chapters. This should prove especially helpful to
chemists starting in this field. The coverage of literature is quite
complete through the year of 1980.

The book begins with an introduction where the historical
background, basic definitions, and mechanistic principles are
briefly mentioned. The rest of the book is separated into two
parts. The first part, entitled “Mechanistic Principles of Met-
al-Catalyzed Oxidations”, consists of seven chapters concerned
with metal-catalyzed radical oxidations by molecular oxygen,
radical and heterolytic oxidations by alkyl hydroperoxides and
hydrogen peroxide, activation of molecular oxygen, direct oxidation
with metals or metal oxo species, activation of substrates by
coordination to transition metals, and finally biochemical oxi-
dations. Stoichiometric oxidations are mentioned only where
needed for illustration of mechanistic discussions. Oxidation with
peracids, ozone, or other species, which are neither initiated nor
catalyzed by metals, are omitted. The main emphasis is on
providing sound mechanistic principles on the molecular basis.
The effects of surfaces in heterogeneous catalysis and the role
of apoenzymes in biochemical oxidations are treated only su-
perficially.

The second part, entitled “Synthetic Methodology of Metal-
Catalyzed Oxidations”, focuses on oxidations which are judged
useful for either laboratory-scale synthesis or for industrial
production. The material covered in the second part is arranged
into five chapters, according to the substrates undergoing oxi-
dation. It is the opinion of this reader that the second part lacks
the exellence of the first one. The choice of material is a bit
confusing since some of the highlighted systems give only marginal
yields of the desired products. In a few cases both stoichiometric
and catalytic oxidations are presented; yet, based on the infor-
mation in the text, the reader cannot always make a clear dis-
tinction between these two options (e.g., oxidation of phenols,
in the presence of copper complexes). The mechanistic aspects
presented in this section inevitably repeat some information
presented in the first part.

It is almost unavoidable in a work of this scope not to have
errors in the text. Thus, on the last two lines of page 43, eq 63
and 64 should read 63A and 63B. The first equation on page 138
should be called eq 70. The second intermediate in eq 60 on page
171 should be a radical species. Mercaptors on page 395 should
read mercaptans.

In summary, the authors definitely succeeded in their goal of
presenting a unified mechanistic understanding of oxidation re-
actions and in providing a needed and excellent summary of the
literature in this area. Any chemist engaged in either basic or
applied aspects of oxidation reactions will find this book indis-
pensable.

F. Mares, Allied Corporation Corporate Technology

The Organic Chemistry of Iron. Volume 2. Edited by E. A.
Koerner von Gustorf, F.-W. Grevels, and I. Fischler. Academic
Press, New York. 1981. ix + 340 pages. $39.00.

The report of the preparation of the first organoiron compound
with an organic ligand other than carbon monoxide, (7*-butadi-
ene)iron tricarbonyl, by Reihlen et al. in 1930 did not attract much
attention. In contrast, the preparation of ferrocene and the
demonstration of its novel sandwich structure in 1951 opened the
floodgates of organotransition-metal chemistry. The organic
chemistry of iron in particular has received much attention since
then, and now, 30 years later, there is a vast amount of information
available on all aspects of this subject.

An excellent survey of organoiron compounds was begun in
Volume 1 of “The Organic Chemistry of Iron” in 1978. The second
and final volume has now been published. This book contains
four chapters, all written by experts in the topics which they treat.

The first chapter, by R. C. Kerber, surveys iron complexes of
trienes, tetraenes, and polyenes in 153 pages, with literature
coverage through 1976. This is a well-organized and thorough
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discussion of the synthesis, structures, and chemical properties
of the complexes of diverse iron-containing moieties with cyclic
and acyclic polyolefinic ligands. There is considerable overlap
with the material on iron compounds in Deganello’s 1978 book
“Transition Metal Complexes of Cyclic Polyolefins”.

In the second chapter of 33 pages R. B. King reviews the arene
complexes of iron which include cationic and neutral 4%-arene
complexes, others with 7% 7% and 4* benzenoid ligands, as well
as borabenzene, phosphabenzene, and thiophene complexes. In
view of the reactivity of the cationic #® complexes and their ease
of preparation, it is surprising that they have not found more
applications as intermediates in organic synthesis. They deserve
more detailed attention.

A 94-page chapter by the late P. Chini on compounds with
iron—metal (including iron-iron) bonds follows. This chapter
covers a great variety of structures and chemistry, but its well-
conceived organization results in an orderly, instructive, and very
readable treatment of the subject.

The final short chapter of L. Marké and B. Markd-Monostory
treats the more restricted topic of iron complexes with sulfur-
containing ligands, with a literature cutoff date of “early 1979".
The chapter abounds with novel structures and the often com-
pletely unexpected reactions which form them but offers little
concerning the chemistry of the complexes treated. It is obvious
that much remains to be done in this area.

There was some delay in the publication of this book, no doubt
caused in part by the untimely death of one of the editors, E. A.
Koerner von Gustorf, in 1975. Chini’s chapter covers the “more
relevant” literature only through 1975 and later references “have
been restricted to a minimum”. Kerber’s chapter has an ad-
dendum dated December 1979 and King’s chapter appears to end
with the 1975 literature. Nevertheless, the book can be recom-
mended to the reader as one which will be very useful to those
interested in organoiron chemistry. With its companion volume,
“The Organic Chemistry of Iron” is an excellent survey of this
important, very active area of organotransition-metal chemistry.

Dietmar Seyferth, Massachusetts Institute of Technology

Organometallic Syntheses. Volume 2. Nontransition-Metal
Compounds. By J. J. Eisch. Academic Press, New York. xiv
+ 194 pages. $29.50.

The goal of this book is to provide guidance in the specialized
techniques necessary for the synthesis, handling, and charac-
terization of main-group organometallic compounds. This new
volume is a welcome addition to the literature. The problems
associated with synthetic main-group chemistry cannot be solved
by simple extensions of the procedures for transition-metal or-
ganometallic compounds as described in Volume 1 of this series.
Volume 2, like its predecessor, is separated into two parts. The
first section describes general experimental techniques and con-
siderations. The second part details the specific syntheses of over
85 main-group compounds but relates these procedures to other
derivatives.

In part I the considerations and techniques for the execution,
purification, and characterization of compounds are discussed.
John Eisch, one of the foremost investigators in main-group
chemistry, also suggests potential problems that must be con-
sidered for a successful procedure. Even though much of this first
part on experimental techniques could be common knowledge to
many synthetic chemists, the inclusion of this material serves as
a clear warning to the unsuspecting chemist. Main-group or-
ganometallic compounds are exceedingly reactive, and the chemist
must pay scrupulous attention to every experimental detail.
Specific apparatus and methods are adequately described.
However, it is regrettable that the section on the characterization
of compounds does not provide general data for compounds of
all elements considered in part I

The second part describes the syntheses of specific compounds
of Li, Mg, Zn, Hg, B, Al, Ga, In, TI, Si, Ge, Sn, and Pb. Com-
pounds of beryllium and cadmium are obvious omissions. The
experimental procedures, classified according to the metal by
periodic group, are for compounds which seem at first glance to
be unusual. However, compounds which are commercially
available and relatively inexpensive and those already described
in “Inorganic Syntheses” and “Organic Syntheses” have been
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specifically excluded by the author. Consequently, this book
extends the list of procedures for main-group organometallic
compounds and provides routes to many useful compounds in-
cluding some with specific isotopic substitution.

Volume 2 of “Organometallic Syntheses” has retained the high
standards established by Volume 1 of this series. The student
and the established researcher can benefit from reading and using
this excellent addition to the preparative literature.

O. T. Beachley, Jr.,
State University of New York at Buffalo

Synthesis of Acetylenes, Allenes and Cumulenes. A Labo-
ratory Manual. By L. Brandsma and H. D. Verkruijsse. Elsevier
Scientific Publishing Co., Amsterdam. 1981. x + 276 pages.
$70.25, Dfl 165.00.

This book is an “Organic Syntheses” type publication devoted
entirely to the synthesis of acetylenes, allenes, and cumulenes.
It would be quite useful to the organic chemist even if it brought
only a collection of literature recipes for such unsaturated com-
pounds. However, this book is of much greater value since all
of the more than 200 procedures have been checked by the
authors’ co-workers in the Laboratory of Organic Chemistry of
the State University of Utrecht. As the authors note in their
preface, many procedures required additional research because
their descriptions in preliminary communications were not ade-
quate or because the literature recipes could not be repeated or
were not adaptable to modest (0.1-0.2 mol) scale up. Thus the
authors have even gone beyond the “Organic Syntheses” approach
in which the procedures are checked, with only minor improve-
ments provided by the checkers.

The book begins with a general section in which the reader is
given details on how to carry out reactions in liquid ammonia,
useful hints concerning workup procedures, comments concerning
the acidity of acetylenes and the stability of their anions, and
details of the preparation of various useful organometallic and
basic reagents (ethyllithium, a number of Grignard reagents,
alkali-metal amides in liquid ammonia, allenyllithiums, zinc-
copper couple, etc.).

In the subsequent chapters the authors provide full details of
the preparation of many acetylenes, allenes, and cumulenes. The
organization is as follows: derivatization of acetylenes and cu-
mulenes; base-promoted interconversions between acetylenes and
cumulenes; synthesis of acetylenes and cumulenes by elimination
reactions; synthesis of such compounds by 1,3-substitution re-
actions; miscellaneous syntheses; transformations of functional
groups in acetylenes and cumulenes. This book is a veritable
treasure trove of reliable information for the chemist who wants
to prepare an acetylene, an allene, or a cumulene. Organometallic
reagents, especially organolithiums, play a key role in many of
these syntheses.

The format used in the presentation of each procedure follows
that used in “Organic Syntheses™ compound name and summary
of the preparative route by means of equations, procedure, notes.
The use of the book as a reference work is made easy by compound
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type and formula indexes. A chapter on NMR parameters of the
allene moiety which includes *C NMR data for some 200 allenes
concludes the book.

The book is a photoreproduction of the typescript. An enor-
mous amount of work went into this book, and it is truly a labor
of love on the part of the authors and their co-workers. For anyone
doing research on acetylenes, allenes, or cumulenes, and, for that
matter, for anyone who merely wants to prepare a given acetylene,
allene, or cumulene, this book will be indispensible. It is a pity
that its price is excessive and rather out of line. For comparison,
a new organometallic monograph, provided by another publisher
as a 340-page photoreproduction of the manuscript, costs only
$39.00. Nonetheless, the present book should be on the shelves
of all chemistry libraries.

Dietmar Seyferth, Massachusetts Institute of Technology

“Synthetic Reagents”, Volume 4. Mercuric Acetate, Periodic
Acid and Sulfuryl Chloride. Edited by J. S. Pizey. Ellis
Horwood Ltd., Chichester, and John Wiley and Sons, New York.
1981. 426 pages. $117.95,

This volume on the synthetic applications of mercuric acetate,
periodic acid and periodates, and sulfuryl chloride is the fourth
in this series. Only the first chapter on mercuric acetate is likely
to appeal to the organometallic chemist. In 105 pages covering
635 references, the author, R. N. Butler (not C. F. Lane as in-
dicated in the author’s preface), covers a wide range of organo-
mercury chemistry, including, in order, the following topics:
reactions with aromatic compounds, reactions with olefins (sol-
vomercuration-demercuration), reactions with alkynes and vi-
nyl-transfer reactions, reactions with saturated and acyclic and
cyclic systems, and reactions with organoboron and -silicon
compounds. Chapters on dehydrogenation and transannular
coupling reactions, and reactions with nitrogen, sulfur and
phosphorus compounds also are included. Unfortunately, the
references only proceed through 1978.

The coverage is extensive, but I cannot help feeling that a great
deal of electrophilic aromatic mercuration has been overlooked.
The discussion of solvomercuration-demercuration seems & bit
fragmented and incomplete, but this latter perception may arise
from the 3-year gap from referencing to publication. Coverage
of the acetoxylation of olefins (Treibs reaction) is scanty, and there
is no mention of the acetoxylation of ketones. Fortunately, the
author does not strictly confine himself to mercuric acetate but
covers many closely related reactions of other mercury(Il) salts.
The text seems relatively free of errors, and few misspellings were
observed (page 20, “prolonged beating of the reactants”?). While
this book provides substantial coverage of organomercury chem-
istry and should be of interest to the organometallic chemist, its
arbitrary restriction to the reagent mercuric acetate and its
outrageous cost severely limit its usefulness and availability, and
one is encouraged to consult the more extensive coverage of
organomercury chemistry given in Houben-Weyl and Methods
of Elemento-Organic Chemistry, Volume 4.

Richard C. Larock, lowa State University





