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Phase transfer of hydroxide ion by quaternary ammonium salts in liquid-solid reactions leads to rapid
and efficient syntheses of HM(CO);~ and HM,(CO),o” (M = Cr, W) from the corresponding metal carbonyls.
The technique can also be used to generate the cyclopentadienyl anion and provides an effective synthesis

of 7°-CsH;Mo(CO);~ from Mo(CO);.

Introduction

Nucleophilic additions of hydroxide ions to transition-
metal carbonyl complexes have long been used as synthetic
tools for the generation of metal carbonyl anions! and a
variety of anionic products have been reported from re-
actions of hydroxide ion with group 6 metal carbonyls. The
products range from the tris(u-hydroxo) trianions,? M,-
(OH)4(CO)¢* (M = Mo, W), to a u-hydrido complex,
HCry,(CO),,'¢ and, most recently, to an alternate method
for synthesis of the simple pentacarbonyl hydrides, HM-
(CO)s~ (M = Cr, Mo, W).2 Hydroxide ion additions have
also provided a method for oxygen-18 enrichment in M-
(CO); derivatives.*

Noting that Makosza® and Zwierzak® have used qua-
ternary ammonium salts as effective transfer agents for
hydroxide in liquid-solid phase transfer catalyzed (LS-P-
TC) processes and having used quaternary ammonium ions
ourselves recently’ as stabilizing agents for a variety of
metal carbonyl anions, it occurred to us that a liquid-solid
method might provide an easy and economical route to
some metal carbonyl anions.

(1) (a) R. B. King, Adv. Organomet. Chem., 2, 157 (1964); (b) B. F.
G. Johnson, R. D. Johnston, J. Lewis, and B. H. Robinson, Chem. Com-
mun., 851 (1966); (c) J. W. Koepke, J. R. Johnson, S. A. R. Knox, and
H. D. Kaesz, J. Am. Chem. Soc., 97, 3947 (1975); (d) C. Ungermann, V.
Landis, S. A. Moya, H. Cohen, H. Walker, R. G. Pearson, R. G. Rinker,
and P. C. Ford, ibid., 101, 5922 (1979); (e) M. D. Grillone and B. B.
Kedzia, J. Organomet. Chem., 140, 161 (1977).

(2) W. Hieber, K. Englert, and K. Rieger, Z. Anorg. Allg. Chem., 300,
300, 295 (1959).

(3) D. J. Darensbourg, A. Rokicki, and M. Y. Darensbourg, J. Am.
Chem. Soc., 103, 3224 (1981).

(4) D. J. Darensbourg, B. J. Baldwin, and J. A. Froelich, J. Am. Chem.
Soc. 102, 4688 (1980).

(5) A. Jonczyk, M. Ludwikow, and M. Makosza, Angew. Chem., Int.
Ed. Engl., 17, 62 (1978).

(6) B. Mlotkowska and A. Zwierzak, Tetrahedron Lett., 4731 (1978).

(7) (a) D. H. Gibson, F. U. Ahmed, and K. R. Phillips, J. Organomet.
Chem. 206, C17 (1981); (b) D. H. Gibson, F. U. Ahmed, and K. R.
Phillips, ibid., 218, 325 (1981).
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Results and Discussion

The group 6 pentacarbony! hydrides have been fully
characterized recently, and a variety of methods have been
reported for their synthesis.>® These methods, although
very effective, all have some undesirable features either
in terms of the number of steps required in the synthetic
sequences or the expense of reagents needed to convert
M(CO), to the product anions.

The method which we have developed for synthesis of
HM(CO); M = Cr, W) from M(CO)g utilizes tetra-
ethylammonium hydrogen sulfate as the phase-transfer
agent together with powdered KOH.? The reaction times
are short, and the product yields are good (see Table I).
In addition to the pentacarbonyl hydride, each of the re-
action mixtures also afforded a small quantity of a com-
pound whose properties indicate that it is the binuclear
dianion!® My(CO),,*; this product is readily separated from
the pentacarbonyl hydride on the basis of solubility dif-
ferences. Although the HM(CO)5™ complexes are certainly
sensitive to water and suffer easy conversion to the cor-
responding u-hydrides, we have found that some water is
essential to make the reactions proceed at a reasonable
rate. The effects of added water on the related LS-PTC
reactions involving crown ether catalysts have been noted
previously and are suggested to be due to the creation of
a local liquid-liquid interface.!! As with some other hy-
drido anions,”!? treatment with halogenated solvents

(8) (a) M. Y. Darensbourg and J. C. Deaton, Inorg. Chem., 20, 1644
(1981); (b) M. Y. Darensbourg and S. Slater, J. Am. Chem. Soc., 103,
5914 (1981).

(9) Since molar quantities of the quaternary ammonium salts were
used, ion-pair extraction is a more proper term for our method than
phase-transfer catalysis (see A. Brandstrom, “Preparative Ion-Pair
Extraction”, Apotekarsocieten/Hassle Lakemedel, Sweden, 1974).

(10) R. G. Hayter, J. Am. Chem. Soc., 88, 4376 (1966).

(11) (a) C. M. Starks, Chemtech, 110 (1980). (b) W. P. Weber and G.
W. Gokel, “Phase Transfer Catalysis in Organic Synthesis”, Springer-
Verlag, New York, 1977, Chapter 1, and references cited therein.
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Table I. Reactions of Nucleophiles with Group 6 Metal Carbonyls by Ion-Pair Extraction

metal reaction
carbonyl nucleophile time product formed product isolated yield, %
Cr(CO), OH ¢ 30 min Et,N*HCr(CO)," same 75
Cr(CO), OH b 3h Et,N*-u-H[Cr(CO), 1, same 83
W(CO), OH @ 1h Et ,N*HW(CO)," same 73
W(CO), OH"? 23/, h Et,N*-u-H[W(CO),],” same 70
Mo(CO), CH, ¢ 3h n-Bu,N*CpMo(CO)," CpMo(CO),SnPh, 80

@ The PT agent was tetraethylammonium hydrogen sulfate. ® The PT agent was tetraethylammonium bromide. ¢ The PT
agent was tetra-n-butylammonium hydrogen sulfate.

converts the pentacarbonyl hydrides to the corresponding directly. Dicyclopentadiene, tetraethylammonium bromide,
haloanions M(CO);X". triphenyltin chloride (recrystallized from benzene), and tetra-n-
When tetraethylammonium bromide is used as the butylammonium hydrogen sulfate were obtained from Aldrich.

Flake KOH (MCB) was powdered in a mortar under nitrogen
(glovebag). The tetraethylammonium hydroxide (25% in CH;OH)
and Mo(CO)g were obtained from Alfa, and the Cr(CO)q and
W(CO), were obtained from Strem Chemicals; these chemicals

phase-transfer agent, the type of product formed depends
directly upon the availability of water. In the absence of
added water, M(CO);Br~ (M = Cr, W) is formed!® whereas,

with the addition of a small quantity of water, efficient were used as received.
syntheses of the u-hydrides HM;(CO),,™ result. Infrared spectra were recorded on a Perkin-Elmer Model 283
We have not attempted to use the liquid—solid method or 599B spectrophotometer and were calibrated against poly-
to synthesize either HMo(CO);~ or HMo,(CO),y". The styrene film. 'H NMR spectra were obtained on a Varian EM-390
pentacarbonyl hydride has been described as thermally spectrometer; peak positions are given in parts per million
labile,® and we have recently described the preparation dow;nﬁeldd(-;) %a‘igﬁe}gh(i) fé'oth%Si- Elemental analysis was
of the p-hydride from Mo(CO), and Et,NBH,.” periormed Dy raiin Laboratories.
Origfnalslly, the anion Cp(Mo()(%O){ (C:) - 175-4C5H5) was Preparatlon of Et4N+HSO4-.19 Aqueous H2804 (47 mL of

. . .o, . concentrated H,SO, in 47 mL of water) was added dropwise with
prepared by the reaction of sodium cyclopentadienide with stirring to 400 mL of a 25% solution of Et,NOH in methanol (0.84

Mo(CO).*  Later it was prepared by reaction of di- mmol) cooled in an ice bath. After addition was complete, the

cyclopentadlene: with MO.(CO)G followed by sodium mixture was stirred for an additional 2 h. The mixture was then
amalgam reduction of the dimer [CPMO(CO)3]2-15 More concentrated on a rotary evaporator to an oily solid. The residue
recent synthetic methods'®7 have focused on improving the was then treated with 200 mL of CH;CN and 500 mL of ether
final reduction step in the second procedure but have not and stirred briefly. The product precipitated as white needles
dealt with either the preparation of the dimer or reactions from this solvent mixture and was collected on a filtering funnel
between the cyclopentadienyl anion and Mo(CO)s. an.d wgshed several tirpes with ethe'r. After the precipitate was

Alper!” has recently demonstrated the advantages of ?;;;‘l )m a vacuum desiccator, the yield of product was 163.48 g

0 ).

generating the cyclopentadienyl anion by liquid-solid Preparation of Et,;N*HW(CO); and Conversion to

phase:transfer catalysis (using 18-01.'own-6/ KOH) in de- Et,N*W(CO),Br~. A mixture of W(CO) (2.11 g, 6.0 mmol),
veloping a method for the synthesis of some ferrocene powdered KOH (5.05 g, 90 mmol), and Et, NHSO, (1.36 g, 6 mmol)
derivatives. Since the older methods for the preparation was added directly under nitrogen to a three-necked 250-mL flask
of CpMo(CO), are time consuming and inefficient and the equipped with a mechanical stirrer, reflux condenser, and a Claisen
newer ones are dependent upon the dimer, we have sought adapter (to allow nitrogen purging and IR sampling). Acetonitrile,
to make use of liquid-solid ion-pair extraction to provide 80 mL, was then added to the flask followed by 0.4 mL of water
a bettet route to this anion also' Our procedure again under nitrogen. The mixture was then heated, with stirring, at
utilizes a quaternary ammonium salt as the phase-transfer 60 °C for 1 h. The solution gradually changed from yellow to

orange and then back to yellow during this time, and IR spectra
after 1 h indicated that W(CO), had been consumed. The mixture
was then cooled to room temperature, dried briefly with MgSQO,,
and then filtered through celite into a Schlenk vessel. Solvent

agent and thus allows the isolation of a stable salt'® or
conversion of the anion into some derivative. The product
yield is high and the overall reaction time is relatively short

(see Table I). was removed under vacuum, and the residue was triturated with
] ) 30 mL of THF and then filtered. Hexane, 8 mL, was then added

Experimental Section to the resulting solution, and this mixture was chilled (ice bath).

All reactions were carried out under an atmosphere of prepu- A sm.all amount of a sem.lsolfd mater ial was .removcled by ﬁl!;ratlo.n,
rified nitrogen. THF was distilled from sodium benzophenone and its spectral properties indicated that it consisted primarily

ketyl under nitrogen; CH;CN was distilled from P,0; and stored of the dianion Wy(CO),¢*: IR »(CO) (CH,CN) 1940 (w), 1890 (vs),
under N, over molecular sieves. Hexane was treated with H,SO, 1865 (sh), 1770 (s) em " [lit." (KBr) 2010 (w), 1960 (sh), 1890 (vs),
and distilled before use; CH,Cl, was reagent grade and used 1865 (sh), 1770 (s) cm™]. Solvents were removed from the filtrate,
and the solid was collected, washed several times with hexane,
and dried under vacuum. The resulting yellow-orange powder,

(12) R. J. Kinney, W. D. Jones, and R. G. Bergman, J. Am. Chem. 2.0 g (73%), had the following spectral properties: IR »(CO)
Soc., 100, 7902 (1978). (CH3CN) 1895 (s), 1860 (m) em™ [lit.® (PPN*HW(CO);") 2029
(13) Identified by comparison with authentic samples: E. W. Abel, L. (vw), 1889 (s), 1858 (m) cm™]; 1H NMR (CD,CN) 6 1.25 (tt), 3.28
S. Butler, and J. G. Reld, J. Chem. SOC., 2068 (1963). (q) -4.3 (J = 54.0 HZ) [ht 8b (CD CN) -4.92 (J =53.4 HZ]
(14) (a) T. S. Piper and G. Wilkinson, J. Inorg. Nucl. Chem., 3, 104 A W-H ' R 3 ) W-H e
(1956); (b) R. B. King and F. G. A. Stone, Inorg. Synth., 7, 99 (1963). Treatment of 0.32 g (0.70 mmol) of the pentacarbonyl hydride
(15) R. G. Hayter, Inorg. Chem., 2, 1031 (1963). with 0.36 g (1.42 mmol) of CHBr; in 25 mL of CHyCN at room
(16) (a) J. E. Ellis and E. A. From, J. Organomet. Chem. 99, 263 temperature effected its conversion to Et, N*W(CO);Br- after 20
(1974); (b) K. Inkrott, R. Goetze, and 8. G. Shore, ibid., 154, 337 (1978); min. Removal of solvent from the reaction mixture followed by
(c) J. A. Gladysz, G. M. Williams, W. Tam, D. L. Johnson, D. W, Parker, drying under vacuum afforded 0.35 g (93%) of yellow powder:
and J. C. Selover, Inorg. Chem., 18, 553 (1979). IR »(CO) (CH,CN) 2060 (w) 1915(' ), 1845 (m) em™. [lit.)3 (KB )
(17) M. Salisova and H. Alper, Angew. Chem., Int. Ed. Engl., 18, 792 v g w), vs), m) cm™. [lit. r
(1979).
(18) The tetra-n-butyl salt could be isolated as an oil but could not be
crystallized. In general, we have had more success in crystallizing tet- (19) This method represents a modification of the procedures de-
raethylammonium salts of metal carbonyl anions than their tetra-n-butyl scribed previously; see C. M. Starks and C. Liotta, “Phase Transfer

analogues. Catalysis”, Academic Press, New York, 1978, Chapter 3.





Group 6 Metal Carbonyl Anions

2064 (w), 1904 (s), 1868 (m) cm™].

Preparation of Et,N*HCr(CO);,” and Conversion to
Et,N*Cr(CO);Br~. A mixture of Cr(CO)q (2.65 g, 12 mmol),
Et,NHSO, (2.73 g, 12 mmol), and KOH (10.1 g, 180 mmol) were
added to a 250-mL flask under nitrogen followed by 70 mL of
CH;4CN and 0.4 mL of H;0 [the apparatus was the same as that
described above for Et, N*HW(CO);"]. After the mixture was
heated at 60 °C for 30 min, an IR spectrum indicated that com-
plete conversion of Cr(CO)g had occurred. The mixture was then
cooled to room temperature, dried briefly with MgSO,, and filtered
through celite into a Schlenk vessel. Solvent was removed under
vacuum, and the residue was triturated with 30 mL of THF and
then filtered. Hexane (7 mL) was added to the filtrate and the
mixture chilled briefly. The solid which precipitated was collected
by filtration and amounted to 0.69 g (18%) of a yellow powder
whose properties indicated that it was the dianion Cry(CO);*
IR »(CO) (CH;CN) (2060) (vw), 1912 (m), 1885 (vs), 1786 (m) cm™!
[1it.1° (KBr) 2050 (w), 1960 (m), 1930 (vs), 1870 (g), 1740 (m) cm™];
treatment with water converted it to HCry(CO),o~. Solvent was
removed from the filtrate under vacuum, and the residual orange
solid was washed with several small portions of hexane and then
dried under vacuum. The product, 2.9 g (75%), had the following
spectral properties: IR »(CO) (CH,CN) 1885 (vs), 1850 (m) cm™
[lit.2 (THF) 2023 (vw), 1892 (s), 1860 (m) cm™]; 'H NMR (C-
D,CN) § 1.25 (tt), 3.20 (q), —7.00 (s) [lit.% (CD;CN) 6 —7.00]. The
product had the following analysis. Calcd for C;3Hy05CrN: C,
48.29; H, 6.55; N, 4.33. Found: C, 48.11, H, 6.64; N, 4.45.

Treatment of 0.28 g (0.86 mmol) of the pentacarbonyl hydride
with 0.43 g (1.72 mmol) of CHBr; in 20 mL of CH3CN at room
temperature effected its conversion to Et,N*Cr(CO);Br after 20
min. Removal of solvent from the reaction mixture followed by
drying under vacuum afforded 0.33 g (99%) of yellow powder:
IR »(CO) (CH5CN) 2060 (w), 1920 (vs), 1855 (m) cm™ [lit.!® (KBr)
2058 (w), 1906 (s), 1875 (m) cm™].

Preparation of Et,NTHCr,(CO),,". A mixture of Cr(CO)g
(1.11 g, 5 mmol), KOH (2.52 g, 45 mmol), and Et,NBr (1.05 g,
5 mmol) was prepared (under N,) in a three-necked 250-mL flask
equipped with a mechanical stirrer, a reflux condenser, and a
Claisen adapter. Tetrahydrofuran, 80 mL, was then added to the
flask followed by 0.2 mL of water. The mixture was then heated
at 66 °C for 3 hours. After the mixture was cooled to room
temperature, 10 mL of saturated brine solution was added and
stirring was continued for a few minutes. The organic layer was
then separated, and the aqueous layer was extracted several times
with small portions of CH,Cl,. The combined organic extracts
were then dried over MgSO, and filtered, and solvent was removed
on a rotary evaporator. The crude product, 1.23 g of yellow
powder, was recrystallized from THF-hexane at 70 °C under
Ny; 1.07 g (83%) of yellow powder was obtained which had the
following spectral properties: IR »(CO) (THF) 2030 (w), 1940 (s),
1875 (m) em™ [lit.”° »(CO)(THF) 2033 (w), 1943 (vs), 1881 (s) em™];
'H NMR (acetone-dg) 4 1.38 (tt), 3.42 (q), -19.50 (s, Cr~H-Cr)
[lit.}° (THF) 6 ~19.47 (Cr-H-Cr)).

Preparation of Et, N*tHW,(CO),;. In the manner described
above for the chromium u-hydride, a mixture of powdered KOH
(0.67 g, 12 mmol), Et,NBr (0.95 g, 4.5 mmol), 30 mL of THF, and
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0.2 ml of water was stirred, mechanically, at room temperature
for 15 min. A solution of W(CO)g (1.06 g, 3 mmol) in 50 mL of
THF was then quickly added and the resulting mixture heated
at 60 °C for 2.5 h. The solution was then cooled to room tem-
perature, a small quantity of MgSO, was added, and the resulting
mixture was filtered through celite. Solvent was removed on a
rotary evaporator and-0.90 g of yellow powder remained. The
crude product was recrystallized from CH;Cl,~hexane; the yield
of pure product was 0.81 g (70%) of yellow powder. The product
had the following spectral properties: IR »(CO) (THF) 2040 (w),
1938 (s), 1880 (m) cm™ [lit.1? »(CO) (THF) 2043 (w), 1943 (vs),
1880 (s) em™]; 'H NMR (acetone-dg) 6 1.35 (tt), 3.50 (q), -12.50
(t, Jw-y = 42 Hz) [lit.}° (THF) § -12.52 (W-H-W (Jy_y = 41.9
Hz))].

Preparation of 17°-C;H;Mo(CO);” and Conversion to #°-
C;H;Mo0(CO);SnPh;. Freshly distilled cyclopentadiene (ob-
tainbed from thermolysis of the dimer, 0.26 g, 2 mmol), powdered
KOH (1.12 g, 20 mmol), and tetra-n-butylammonium hydrogen
sulfate (2.04 g, 6 mmol) were mixed together in 30 mL of THF
and heated with stirring to 66 °C. A solution containing Mo(CO),
(0.53 g, 2 mmol) in 30 mL of THF was then added dropwise during
1.5 h. Heating and stirring were continued for an additional 1.5
h; after this time, conversion to #5-CsH;Mo(CO),;” was complete
as evidenced by an infrared spectrum of the mixture: »(CO) 1900
(vs), 1780 (vs), 1765 (sh) em™ [lit.2° for Et,N*%%-CsH;Mo(CO)4
1885 (s), 1775 (s), 1740 (s) cm™']. The mixture was then cooled
to room temperature and filtered, under Ny, through celite into
a flask containing PhySnCl (0.96 g, 2.5 mmol). The resulting
solution was then stirred until conversion to the tin derivative
was complete (1.5 h). The solution was then washed with brine,
dried over MgSO,, and filtered. Solvent was removed on a rotary
evaporator, and the crude product was recrystallized from
CH,Cly-hexane. The yield of #5-CsH;Mo(CO);SnPhg was 0.95
g (80%): IR »(CO) (THF): 2000 (vs), 1930 (m), 1900 (vs) cm™
{lit.2! (CCl,) 2004, 1934, 1909).
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Synthesis and Characterization of Zerovalent Polynuclear Metal
Carbonyl Compounds of Cr, Mo, and W. X-ray Crystal Structure
ot [Me,N];[W;(CO)o(u-OC,H;) (115-OC;H;),]
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Compounds of the general formula [NR,],,[M(CO)3(XR)], (n = 3 or 4) (M = Cr, Mo, W; XR = OMe,
OEt, SPh) have been prepared by refluxing the corresponding M(CO),PMTA (PMTA = 1,14,7,7-
pentamethyldiethylenetriamine) with the appropriate NaXR in THF, followed by metathesis with tet-
ramethyl- or tetraethylammonium halides. Treatment of W(CO);PMTA or W(CO);(CH;CN); with NaOPh
provides after cation exchange a substance formulated as [Et,N]3[W,(CO)q4(u-OPh);]. These complexes
have been characterized by infrared and 'H NMR spectra and elemental analyses. Also, the product obtained
from the reaction of NaOEt with W(CO);PMTA followed by metathesis with Me,NBr has been characterized
by a single-crystal X-ray structure determination. This material has the formula [Me,N]s[W3(CO)q(u-
OEt)(u;-OEt),]. The anion contains a highly unsymmetrical metal triangle which is best considered to
contain only one W-W bond. The molecule crystallizes in space group Cc (No. 9) with two crystallographically
independent molecules in the unit cell. Crystal data: a = 14.831 (4) A, b = 41.686 (14) A, ¢ = 12.905 (3)
A, 8=90.74 (4)°, Z = 4, V = 7978 (7) A3, and p(calcd) = 1.848 g/cm?,

Introduction

The chemistry and syntheses of polynuclear transition-
metal compounds has become an area of great interest due
to the possible involvement of such species, especially
carbonyl clusters, in catalyzed hydrogenation of carbon
monoxide and related important processes.! Although
homonuclear carbonyl clusters of group 7 and 8 metals are
well established and structurally characterized in many
cases, corresponding clusters and polynuclear species of
group 6 metals are much less common. To our knowledge,
[CpsMo3(CO)eS]* is the only previously established ho-
monuclear group 6 carbonyl cluster;> however, several
mixed-metal clusters containing these metals have been
structurally characterized. Several other polynuclear
carbonyl complexes of Cr, Mo, and W are known, but the
metals in these species appear to be held together by
bridging ligands rather than metal-metal bonds; e.g.,
[HW(CO);0H(PPh;0)], contains a tetrahedral array of
W(CO); units held together by triply bridging OH groups.
Its rather long W-W distances (3.48 A) are consistent with
the presence of little direct metal-metal bonding.? More
recently, Bau et al., reported on the structural charac-
terization of [PPN];{Na[Mog(CO)g(INO)s(u-OCH,)3(15-0)14)
and [Me,N]}[Mo3(CO)g(NO);3(u-OCHgy)s(u3-OCHj)] which
were also suggested to contain no significant metal-metal
bonding.*

In the course of our investigation on the reduction of
M(CO);PMTA (M = Cr, Mo, W; PMTA = 1,14,7,7-
pentamethyldiethylenetriamine) we had occasion to treat
these PMTA complexes with sodium alkoxides and thio-
phenoxide. This general reaction provided low to moderate
yields of new polynuclear complexes of Cr, Mo, and W. In
this paper we report on the X-ray structural characteri-
zation of one compound in this series: [Me,N];[W;-
{CO)y(u-OEt)(ug-OEt),). The syntheses of related com-
pounds containing Cr, Mo, and W are also discussed.
Comparisons between these polynuclear species and those

(1) Masters, C. Adv. Organomet. Chem. 1979, 18, 61.

(2) Curtis, M. D.; Butter, W. M. J. Chem. Soc. Chem. Commun. 1980,
998.

(3) Albano, V. G.; Ciani, G.; Manassero, M.; Sansori, M. J. Organomet.
Chem. 1972, 34, 353.

(4) Kirtley, S. W.; Chanton, J. P.; Love, R. A,; Tipton, D. L.; Sorel, T.
N.; Bay, R. J. Am. Chem. Soc. 1980, 102, 3451.
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reported by Bau et al (vide supra) and electronically
equivalent complexes of the type [Mn(CO)4(OR)], (n =
3, 4)° are also presented.

Experimental Section

All synthesis, transfers, and workups were carried out under
an atmosphere of rigorously purified N, or Ar using standard
Schlenk techniques. Infrared spectra were obtained on a Per-
kin-Elmer 283 grating instrument as Nujol mulls on NaCl plates
or as solutions in 0.1-mm path length amalgam sealed cells fitted
with stainless-stell stopcocks. 'H NMR spectra were determined
in CD,CN (Aldrich, 99 atom%) degassed by at least three
freeze—thaw cycles on a Varian Associates HFT-80 spectrometer
at 79.5 MHz. Elemental analyses were performed by Galbraith
Laboratories, Inc., Spang Microanalytical Laboratories, or Ana-
lystiche Laboratorien. Melting points were determined in N,-filled
capillaries using a Thomas Hoover “Unimelt” apparatus and are
uncorrected. All solvents were reagent grade from commercial
sources. THF and diethyl ether were distilled from blue Na or
K benzophenone ketyl solutions and stored under N, or Ar.
Acetonitrile was purged thoroughly with dry N, refluxed over
CaH,, and distilled under N; or Ar. All other solvents were stored
over molecular sieves and purged with N, before use. Cr(CO),,
Mo(CO),, and W(CO)g were purchased from Pressure Chemical
Co. and used as received. 1,1,4,7,7-Pentamethyldiethylenetriamine
(PMTA) was purchased from Eastman or PCR and freed from
oxygen before use. Tetramethylammonium chloride (J.T. Baker)
and tetraethylammonium bromide (Aldrich) were dried at 100
°C in vacuo prior to use.

Infrared spectra are tabulated in Table I, 'H NMR in Table
I1, elemental analyses, melting points, and yields in Table III for
all compounds.

Synthesis of Compounds. M(CO),PMTA (M = Cr, Mo,
W). Details are given for W(CO);PMTA. Corresponding syntheses
of Cr(CO);PMTA and Mo(CO);PMTA are essentially identical.
Typically, 20.0 g (52.4 mmol) of W(CO)g was refluxed in 250 mL
of CH;CN for several days to form W(CO)3(CH3CN); according
to the method of King et al.® Neat PMTA (14 mL, 11.6 g, 66.7
mmol) is added at once, and reflux continued for 4-6 h to give
an orange yellow solution which is filtered hot and then reduced
in volume. Yellow crystalline W(CO);PMTA separates out in
spectroscopically and analytically pure form in 75-80% yield. The
use of colorless, freshly distilled PMTA instead of the pale yellow

(5) Abel, E. W.; Farrow, G.; Towle, I. D. H. J. Chem. Soc., Dalton
Trans. 1979, 71. Abel, E. W.; Towle, I. D. H.; Cameron, S. T.; Cordes,
R. E. J. Chem. Soc., Chem. Commun. 1977, 385.

(6) King, R. B.; Fronzoglia, A. Inorg. Chem. 1966, 5, 1837.

© 1982 American Chemical Society
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Table I. Infrared Spectra of the Complexes in the Carbonyl Stretching Region (cm™1)%:b

Cr(CO),PMTA mull 1901s, 1896 s, 1764 5,1741 sh

CH,CN 1906 s, 1768 s, 1750 sh
Mo(CO),PMTA mull 18955, 1766 s, 1743 s

CH,CN 1909 s, 1774 s, 1759 sh
W(CO),PMTA mull 1890 s,1752s,1728 s

CH.CN 1902 s, 1767 s, 1753 sh
[Me ,N1,[W(CO),(OEt)], (1) mull 1902 m, 18635, 1736 sh

CH,CN 1900 w, 1870 s, 1759 ms, 1732 ms
[Me ,N],[Mo(CO),(OEt)], (2) mull 1903 m, 1862 s, 1721 br

CH,CN 1903 w, 18705s,1759 ms, 1732 m
{Me ,N1],,[Cr(CO),(OEt)],, (3) CH,CN 1899 w, 1858 5,1748 5,1724 m, 1716 m
[Et,N],[Cr(CO),(OMe)],, (4) mull 1856 s, 1705 br

CH,CN 18645,1718 s
[Et,N],[Mo(CO),(OMe)l,, (5) mull 1991 w, 1864 s, 1695 br

CH,CN 1871s,1739 sh, 1729 s
[Et,N],[W(CO),(OMe)],, (6) CH,CN 1905 w, 1866 m, 1857 m, 1747 sh, 1727 s
{Me,N],,[Mo(CO),(SPh)},,-CH,CN (7)¢ mull 1909 w, 1875 vs, 1739s,1705 s

CH,CN 1882 vs, 1754 s
[Me,N},,[W(CO),(SPh)],, (8) mull 18725s,17325s

CH,CN 1880s, 1755 s
[Ph,P],[Cr(CO),(SPh)], (9) CH,CN 1917 m, 1891 s, 1859 sh, 1843 sh, 1797 m
[Et,N],[W,(CO),(OPh),] (10) CH,CN 1860s,1719s

@ Compounds 3, 6, and 9 were not isolated as pure substances. °® The value of n may be 3 and/or 4 for compounds 3-9.

¢ »(CN) = 2140 vw em™! for Nujol mull.

Table II. *H NMR Data (6, Ppm) for the Complexes?:®

Cr(CO),PMTA 2.63 (m, 15 H, N-CH,), 2.92 (s, 8 H,
N-CH,)
Mo(CO),PMTA 2.51 (s, 12 H, N(CH,),), 2.65 (m,
3 H, N(CH,)), 2.85 (s, 8 H, N-CH,)
W(CO),PMTA 2.81 (m, N-CH,, N-CH,)
1 1.22(brt, 9 H, -CH,), 8.54 (m, 4 H,
u,-OCH,-), 4.11 (m, 2 H, u-OCH,-)
2 1.20 (br t, 9 H, -CH,), 3.38 (q, 4 H,
1,-OCH,-), 4.00 (q, 2 H, w-OCH,-)
4 4.15 (s, 3 H, -OCH,)
5 4.07 (s, 3 H, ~OCH,)
7¢ 1.96 (s, CH,CN), 6.98-8.40
(m, -8C,H)
8 7.21-8.37 (m, 5 H, -SCH,)
10 6.41-7.69 (m, 15 H, -OC,H,)

@ Solvent = CD,CN; Me,Si reference. Values of chem-

ical shifts are in ppm. Tetramethylammonium cations in
compounds 1, 2, 7, and 8 have very similar resonance

positions:

6 3.00-3.14 (s). Tetraethylammonium

cations in 4, 5, and 10 also have similar 'H NMR spectra:

e,

g.,5 1.22 (tof t, -CH,), 8.23 (q, -CH,~). % 'HNMR

spectra are only reported for compounds isolated as pure

substances.

See Table I for formulation of salts. Integra-

tions of proton resonances for compounds 4, 5, and 8 are

arbitrarily defined forn=1.

¢ Integration of proton res-

onance signals was not sufficiently precise to determine
whether n = 3 or 4.

commercial product has no effect on product yields. Orange
Cr(CO);PMTA and yellow Mo(CO);PMTA form air-stable crystals
(no observable change after several hours in air at room tem-
perature) that dissolve in CH;CN, acetone, CH,Cl,, and THF to
provide quite air sensitive solutions. They are insoluble in ethy!
ether and cold hydrocarbon solvents.

[Me,N],[M(CO)3(OC,Hs)], (M = W (1), Mo (2), Cr (3);
= 3). Sodium ethoxide was generated by stirring 0.22 g (9.7 mmol)
of Na in absolute ethanol (7.0 mL). This was added to a slurry
of 4.28 g (9.7 mmol) of W(CO);PMTA in 100 mL of THF. The
mixture was refluxed for 3 h and yielded an orange slightly cloudy
solution. The solution was pumped to a dark oil and treated with
1.06 g (9.7 mmol) of Me,NCl in 20 mL of ethanol. Recrystalli-
zation of the resulting yellow powder from CHyCN-EtOH yielded
2.47 g (66% yield) of spectroscopically pure 1 which was char-
acterized by standard methods as well as single-crystal X-ray
crystallography. Reaction of Mo(CO);PMTA or Mo(CO)4(C-
H;3CN); with 1 equiv of NaOEt and Me,NCl] metathesis provides
modest (45-50%) yields of yellow, crystalline [Me,N};[Mo;-
(CO)g(u-OEt) (ug-OEt),] (2).

The analogous reaction with Cr(CO);PMTA and NaOEt gave
a deep orange mixture believed to contain Crz(CO)g(u-
OEt)(us-OEt),> (3) and other, apparently inseparable, metal
carbonyl species on the basis of solution IR spectra. All products
from these reactions are extremely air and moisture sensitive.

[Et,N],[M(CO);(OCH,;)], (M = Cr (4), Mo (5), W (6)). In
a typical preparation 0.030 g (1.5 mmol) of Na was reacted with
a slight excess (0.1 mL) of reagent grade methanol in THF. When

b Cr analysis:

Table III. Elemental Analyses, Melting Points, and Yields of the Complexes
elemental anal.
c H N yield,

compd compositn caled found caled found caled found mp, °C %
Cr(CO),PMTA C,H,,CrN O, 46.62 46.32 7.44 7.21 13.58 13.75 73 dec 80
Mo(CO),PMTA  C,,H,,MoN,O, 40.82 41.23 6.52 6.23 11.90 12.15 160dec 83
W(CO),PMTA C,H,,N,OW 32.66 3230 5.22 5,05 9.53 9.38 175dec 80
1 C,,H,N,O W, 27.92 28.31 444 4.68 3.62 3.88 200dec 66
2 C,.H,Mo,N,O,, 36.12 36.06 574 5.66 4.68 4.78 210dec 45
4% (C,,H,,CrNO, 1, 47.94 4760 7.89 17.63 4.76 4.84 190 59
5 [C,,H,;MoNO,],, 42.21 4201 6.81 6.80  4.10  4.28 220 26
7¢ [C,;H,,MoNO,8],,-CH,CN 43.41 43.05 4.79 4.84 4.69 4.78 60 dec 36
8 [C,,H,,NO,SW], 34.60 34.54 3.81 3.64 3.10 3.15 130 7
104 C,.H,.N,OW, 4780 47.89 6.28 6.27  3.48  3.46 156dec 17

@ See Table I for formulations of tetraalkylammonium salts.
caled, 17.66; found, 18.05.

The value of n for compounds 4, 5, 7, and 8 may be 3 or 4.

¢ C, H, and N percentages were calculated by assuming n =4. For n = 3, the

calculated values are very similar: C, 43.55; H, 4.81; N, 4.95. 9 C, H, and N percentages calculated for the formulation

[Et,N]1,,[W(CO),(OPh)],, are as follows:

C,41.57; H, 5.13; N, 2.85.
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all Na had been consumed, the solution was added at once to a
rapidly stirred solution of 0.46 g (1.5 mmol) of Cr(CO);PMTA
in 160 mL of THF. After 16 h of reflux the solvent was removed
in vacuo and the pyrophoric yellow powder metathesized with
Et,NCl in CH,CN. Recrystallization from CH;CN-diethyl ether
gave a modest yield (59%) of crystalline yellow 4. Compound
5, also a yellow crystalline substance, was prepared similarly from
Mo(CO);PMTA. However, it has not been possible to separate
the complex mixture of yellow products containing 6 from the
reaction of W(CO);PMTA with NaOCHj.

[Me,N],[M(CO);3(SCeH;)], (M = Mo (7), W (8), Cr (9)).

Mo(CO)4(CH4CN); was prepared by refluxing 2.74 g (10.4 mmol)
of Mo(CO)g in CH;CN.® The solvent was removed in vacuo and
the residue redissolved in THF and treated with slurry of NaSPh
(prepared by reaction of 1.15 g (10.4 mmol) of benzenethiol
(Eastman) with 0.24 g (10.4 mmol) of Na). The orange solution
of Mo(CO)3(CH4CN); immediately turned dark red and was re-
fluxed for 10 h. Removal of the solvent, dissolution in CH;CN,
and treatment with ethanolic Me,NCI provided 1.30 g (36%) of
yellow, crystalline 7. Infrared and 'H NMR spectroscopy and
elemental analysis indicate that 7 contains one acetonitrile of
crystallization per formula unit. In a similar preparation, W(C-
0);(CH;CN); was reacted with NaSPh to provide yellow, crys-
talline 8 in high spectroscopic purity, but isolated yields were low
due to partial decomposition in the metathesis step. Unlike 7,
there is no evidence for solvent of crystallization in 8. Reaction
of Cr(CO);PMTA or Cr(CO)3(CH;CN), with NaSPh gave (as with
NaOEt) a dark red inseparable mixture of products containing
9. Products 7, 8, and 9 are air sensitive and rapidly hydrolyze
in a moist atmosphere as evidenced by the strong odor of ben-
zenethiol produced when crystalline samples are left standing in
air.
[Et4N]3[W2(CO)Q(M'OCGH5)3] (10). Sodium phenoxide was
generated by the action of excess sodium sand on 0.49 g (5.14
mmol) of phenol in refluxing THF. Tris(acetonitrile)tri-
carbonyltungsten was prepared by refluxing W(CO); (1.81 g, 5.14
mmol) in acetonitrile.5 The NaOPh solution was then added to
the dry W(CO);(CH4;CN); and brought to reflux for ca. 3 h. After
metathesis with an ethanol solution of Et,NBr, 0.54 g (17% vield)
of yellow, crystalline [Et,;N]3[W,(CO)g(u-OPh);] was obtained.
Infrared and 'H NMR spectra and elemental analyses support
this formulation. The same compound has also been isolated from
the reaction of W(CO);sPMTA with NaOPh.

Reaction of M(CO);PMTA with KOH (M = Cr, W). Nu-
merous attempts to prepare bridging hydroxide complexes similar
to 1-10 by reaction of M(CO);PMTA with ethanolic or mixed
THF-ethanol solutions of KOH led to dark red solutions con-
taining inseparable complex mixtures of metal carbonyl containing
materials. Similar attempts with M(CO);(CH;CN); were likewise
unfruitful.

Collection and Reduction of X-ray Data. A summary of
crystal data is presented in Table IV. An acceptable crystal of
1 was mounted under N, in a glass capillary. The crystal was
found to belong to the C-centered monoclinic crystal class by the
Enraf-Nonius CAD 4-SDP peak search, centering, and indexing
program and by a Dulaney reduction calculation.” Systematic
absences (hkl, h + k = 2n + 1; hOl, ] = 2n + 1) showed the space
group to be either Cc (No. 9) or C2/c¢ (No. 15). The former was
shown to be correct by the eventual solution of the structure, vide
infra. Background counts were measured at both ends of the scan
range with the use of an w—26 scan equal, at each side, to one-
fourth of the scan range of the peak. In this manner, the total
duration of measuring backgrounds is equal to half of the time
required for the peak scan. The intensities of three standard
reflections were measured every 1.5 h of X-ray exposure, and no
decay with time was noted. The intensities of 7040 (xh, +k, +!)
unique reflections were measured at 23 °C out to 26 = 50° by using
monochromatized Mo Ka radiation.® The data were corrected

(7) All caleulations were carried out on PDP 8A and 11/34 computers
using the Enraf-Nonius CAD 4-SDP programs. This crystallographic
computing package is described in: Frenz, B. A. In “Computing in
Crystallography”; Schenk, H., Olthof-Hazekamp, R., van Koningsveld, H.,
Bassi, G. C., Eds.; Delft University Press: Delft, Holland, 1978; pp 64-71.
Also “CAD 4 and SDP Users Manual”; Enraf-Nonius: Delft, Holland,
1978.

Ellis and Rochfort

Table IV. Summary of Crystal Data and
Intensity Collection

formula C,H,NO W,
fw 1161.33
a, A 14.831 (4)
b, A 41.686 (14)
e, A 12.905 (3)
8, deg 90.74 (2)

LA} 7978 (7)
VA 4
d(caled) 1.848 g/em?®
space group Ce (no. 9)

cryst dimens, mm 0.036 X 0.126 X 0.250

temp, °C 23
radiation Mo Ke (0.71069 A) from
monochromator
linear abs faction, 91.976
cm™!
26 limits, deg 0-50
final no. of variables 389
unique data used 3794
R® 0.049
R,® 0.055

error in an observn of 1.17
unit weight

¢ The function minimized was Tw(|1F,| - 1Fl)?, where
w=1/0*Fy); R = (SN Fyl~ \FI)/ZIFy); Ry = [(Zw(IF,!
~ AF D) (ZwIFy )2,

for Lorentz, polarization, absorption, and background effects, using
a value of 0.06 for p.” Of the 7040 unique reflections, 3794 have
F 22 2.50(F,)? and were used for final solution and refinement
of the structure.

Solution and Refinement of the Structure. The structure
was solved by conventional heavy atom techniques. The Patterson
map could be interpreted on the assumption that the space group
was C2/¢, with two independent molecules, each lying on a twofold
axis. Further work, however, indicated that the molecules had
only approximately twofold symmetry and that they were either
ordered in space group Cc or disordered in space group C2/c.
Refinement using the 2973 most intense reflections and with only
the W atoms included led to parameters near those given in Table
V with a conventional R = 0.105 and weighted R,, = 0.156 when
ordered molecules in Cc were used. The corresponding refinement
for disordered molecules in C2/c (with W1A and W2A averaged,
with W2B and W3B averaged, and with W3A and W1B having
occupancy factors of one-half) converged with parameters similar
to the starting parameters but with B = 0.190 and R,, = 0.275.
All correlation coefficients in either refinement that were larger
than 0.5 involved only thermal parameters and the scale factor.
The results clearly indicate the ordered structure in Cc to be the
correct choice. Full-matrix least-squares refinement and difference
Fourier calculations were used to locate all remaining nonhydrogen
atoms with no further difficulties.’ The atomic scattering factors
were taken from the usual source,’ and the effects of anomalous
dispersion were included in F, for all atoms by using Cromers and
Ibers!! values of Af’and Af”. Tables of weighted least-square
planes and the distances of the atoms from their respective planes,

(8) The intensity data were processed as described: “CAD 4 and SDP
Users Manual”; Enraf-Nonius: Delft, Holland, 1978. The net intensity
I = (K/NPI)(C - 2B), where K = 20.1166x (attenuator factor), NPI =
ratio of fastest possible scan rate to scan rate for the measurement, C =
total count, and B = total background count. The standard deviation in
the net intensity is given by ¢*(J) = (K/NPI)?[C + 4B + (pI)?], where p
is a factor used to downweight intense reflections. The observed structure
factor amplitude F, is given by F, = (I/Lp)'/?, where Lp = Lorentz and
polarization factors. The o(I)’s were converted to the estimated errors
in the relative structure factors o(F,) by o(F;) = }/(a()/DF,.

(9) The function minimized was > w(|F,| - |F,|)% where w = 1/*(F,).
The unweighted and weighted residuals are defined as R = (T ||F,| -
IFD/IF| and R, = [(Tw(Fy| - [F))?/ (Zw|F,)21/2_The error in en
observation of unit weight is [ w(|F,} - |F.})2/(NO - NV)]!/2 where NO
and NV are the number of observations and variables, respectively.

(10) Cromers, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. 1V,
Table 2.2.4. Cromer, D. T. Ibid., Table 2.3.1.

(11) Cromers, D. T.; Ibers, J. A., in reference 10.
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Table V. Positional and Thermal Parameters and Their Estimated Standard Deviations?

atom x y z B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)
W1A 0.06020 (0) 0.106 07 (3) 0.3409(0) 2.72(5) 3.14(6) 4.50(6) 0.27(5) 0.15(5) 0.40 (8)
W1B -0.02332(12) 0.43080(4) 0.2947(1) 4.71(7) 3.29(6) 5.04(7) 0.48 (6) 0.49 (6) 0.02 (6)
W2A -0.06152(9) 0.10045(3) 0.1603(1) 2.60(5) 2.48(5) 4.74(6) -0.08(5) 0.25(5) -0.29(6)
W2B -0.07076(10) 0.36383(3) 0.3493 (1) 3.29(5) 3.16(6) 4.25(6) 0.11(6) 0.33(5) 0.38 (6)
W3A -0.02374(10) 0.17560(3) 0.2202(1) 2.64(9) 2.38(5) 6.53(8) 0.04 (5) 0.43(5) -0.01(86)
W3B 0.07646 (10) 0.36564(3) 0.1627 (1) 4.08(6) 3.10(6) 4.58(6) -0.21(6) 1.35(5) -0.29(6)
atom x y z B, A? atom x y B, A?

O1A 0.181(2) 0.1451 (7) 0
O1B  -0.392(3) -0.0216 (10) 0
O2A 0.006 (2) 0.0675 (7) 0
02B  -0.179 (2) 0.4805 (8) 0
03A 0.231 (2) 0.0629 (7) 0
03B 0.007 (2) 0.4731 (8) 0
O4A  -0.009 (2) 0.0323 (6) 0
04B  -0.195(2) 0.4126 (8) 0
O5A  -0.239 (2) 0.0650 (7) 0
O5B  -0.258 (2) 0.3307 (7) 0
O6A  —-0.008(2) 0.0668 (6) -0.
06B  -0.056 (2) 0.3377 (7) 0
O7A 0.077 (2) 0.2082 (8) 0
07B 0.152 (4) 0.4189 (16) 0
O8A  -0.166 (2) 0.2290 (6) 0
08B 0.051(2) 0.3339(7) -0.
03%A 0.066 (3)  0.2248 (9) 0
098 0.270 (2) 0.3382 (8) 0
O10A -0.097 (2) 0.1469 (6) 0
010B 0.002 (2) 0.3318 (5) 0
O11A -0.069 (1) 0.1313 (5) 0
0O11B 0.446 (1) -0.1116(5) 0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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C33 -0.043 (7) 0.6023 (21) 11(7) 1 )
C34 0.988 (8) 0.5493 (23) 31(8) 2 )
C35 -0.414 (9) 0.0878 (30) 45(9) 2 )
C36 -0.171 (3) 0.3044 (12) -0.084 (3) )
C317 0.837 (5) 0.3017 (18) 16 (6) )
C38 0.768 (6) 0.7469 (25) 07 (7) )
C39 -0.070 (4) 0.2675 (17) 18 (5) )
CX 0.044 (6) 0.7175 (21) .245 )
)
)
)

@ The form of the anisotropic thermal parameter is exp[--(B(1,1)h? + B(2,2)k* + B(3,3)I* + B(1,2)hk + B(1,3)hl

B(2,3)k])].

root-mean-square amplitudes of thermal vibration, and observed
and calculated structure factors are available.? The W atoms
were refined anisotropically while all others were treated iso-
tropically. Hydrogen atoms were not located in the final difference
Fourier maps and therefore were not included.

In addition to the peaks corresponding to atoms of the com-
pound, four peaks higher than the noise level were found in an
otherwise empty region of the unit cell. These atoms are included
in Table V with the labels CX1-4. One molecule of solvent is
apparently present per two formula units. The most likely solvent
molecule is ethanol where only three peaks would be expected.
The presence of solvent could not be corroborated by elemental
analysis nor by infrared or 'H NMR spectra. It was not possible
to obtain an experimental density of sufficient accuracy to help
resolve the issue. The question was not pursued further since
the presence or absence of the solvent has no important effect

(12) See paragraph at end of paper pertaining to supplementary ma-
terial.

on the structural results presented herein. Atoms corresponding
to these peaks are included in the final calculations. The final
positional and thermal parameters appear in Table V. The la-
beling scheme for the two independent molecules 1a and 1b are
presented in parts a and b of Figure 1 and stereoviews in parts
a and b of Figure 2. Selected bond distances and angles are
collected in Table VI.

Results and Discussion

Molecular Structure of [Me, NI [W;(CO)y(u-
OC,H;)(u3-OC,H;),] (1). Compound 1 forms crystals
containing two crystallographically independent anions,
la and 1b, in the unit cell. The gross structures of 1a and
1b are the same. They consist of a scalene triangle of
tungsten atoms, each of which is bound to three terminal
carbonyl groups. One doubly bridging ethoxy group spans
one edge of the triangle while two triply bridging ethoxy
groups lie above and below the plane defined by the three
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Table VI. Selected Distances and Angles with Esds for 1a and 1b
la 1b la 1b
a. Distances (4)
W(1)-W(2) 2.939 (2) 2.966 (2) W(2)-C(6) 1.78 (4) 1.84 (6)
W(2)-W(3) 3.273 (2) 3.272 (2) W(3)-C(7) 1.85 (5) 1.78 (8)
W(3)-W(1) 3.511(2) 3.541 (2) W(3)-C(8) 1.93 (3) 1.78 (4)
W(1)-0(12) 2.15(2) 2.27(2) W(3)-C(9) 1.78 (4) 1.84 (4)
W(1)-0(11) 2.24 (2) 2.18 (2) C(1)-0(1) 1.22 (4) 1.834 (7)
W(2)-0(12) 2.17(2) 2.24 (2) C(2)-0(2) 1.28 (5) 1.32 (5)
W(2)-0(11) 2.26 (2) 2.18 (2) C(3)-0(3) 1.28 (4) 1.24 (5)
W(3)-0(12) 2.26 (2) 2.26 (2) C(4)-0(4) 1.18 (3) 1.23 (4)
W(3)-0(11) 2.25 (2) 2.25 (2) C(5)-0O(5) 1.13 (4) 1.20 (4)
W(2)-0(10) 2.11(2) 2.05 (2) C(6)-0(6) 1.24 (4) 1.34 (8)
W(3)-0(10) 2.14 (2) 2.22 (2) C(7)-0(7) 1.28 (5) 1.37 (7)
W(1)-C(1) 1.93 (4) 1.72 (7) C(8)-0(8) 1.20 (4) 1.21 (4)
W(1)-C(2) 1.91(5) 1.82 (5) C(9)-0(9) 1.30 (5) 1.25 (4)
W(1)-C(3) 1.84 (4) 1.91 (5) C(10)-0(10) 1.43 (4) 1.43 (4)
W(2)-C(4) 1.97 (3) 1.93 (4) C(12)-0(11) 1.49 (5) 1.49 (4)
W(2)-C(5) 1.88 (4) 1.93 (4) C(14)-0(12) 1.53 (4) 1.45 (4)
b. Angles (Deg)

W(1)-0(12)-C(14) 120(2) 124 (12) W(2)-0(10)-W(3) 99.9 (8) 100.8 (9)
W(1)-0(11)-C(12) 112 (2) 113(2) W(3)-W(2)-0(10) 41.9 (6) 40.0 (6)
W(2)-0(12)-C(14) 124 (2) 121 (2) W(2)-W(3)-0(10) 38.2(86) 39.2 (6)
W(2)-0(11)-C(12) 129 (2) 113(2) W(1)-C(1)-0(1) 170 (3) 151 (5)
W(3)-0(12)-C(14) 119 (2) 125 (2) W(1)-C(2)-0(2) 176 (4) 172 (4)
W(8)-0(11)-C(12) 128 (2) 127 (2) W(1)-C(3)-0(3) 174 (4) 172 (4)
W(2)-0(10)~C(10) 134 (2) 127 (2) W(2)-C(4)-0(4) 169 (3) 176 (3)
W(2)-0(10)-W(3) 100.8 (9) 99.9 (8) W(2)-C(5)-0(5) 177 (3) 164 (3)
W(3)-0(10)-C(10) 125 (2) 131 (2) W(2)-C(6)-0(6) 176 (3) 178 (5)
W(1)-0(12)-W(2) 85.8 (7) 82.3 (6) W(3)-C(7)-0(7) 170 (4) 168 (4)
W(2)-0(12)-W(3) 95.2 (8) 92.2 (7) W(3)-C(8)-0(8) 176 (3) 175 (3)
W(1)-0(12)-W(3) 105.4 (9) 101.3 (7) W(3)-C(9)-0(9) 171 (4) 173 (3)
W(1)-0(11)-W(2) 81.5(7) 85.7 (8) W(1)-W(2)-W(3) 68.59 (5) 68.96 (5)
W(2)-0(11)-W(3) 92.9 (8) 96.3 (9) W(1)-W(3)-W(2) 51.20 (4) 51.43 (4)
W(1)-0(11)-W(3) 102.9 (9) 107.3 (9) W(2)-W(1)-W(3) 60.21 (4) 59.61 (4)

Figure 1. ORTEP view of the independent trianions la (a) and
1b (b) showing the labeling scheme (50% probability thermal
ellipsoids).

tungsten atoms. Cations and anions are well separated,
and no unusually short interatomic contacts are observed.

Examination of the data shown in Table VI reveals
substantial differences in the W(1)-W(2) and W(1)-W(3)
distances in the independent anions. The anions also differ

in the orientation of their ethyl groups. Otherwise, they
are structurally very similar and are best considered to be
lattice stabilized conformational isomers of the same
molecule. In solution, these anions appear to be indis-
tinguishable.

Metal-Metal Interactions in 1. The observed W-
(1)-W(2) distances in la (2.939 (2) A) and 1b (2.966 (2)
A) are compatible with the presence of W-W single bonds.
Previously reported bond distances, for several tungsten
carbonyl derivatives which are considered to correspond
to W-W single bonds, are as follows: [C;H;W(CO),l,
(3.222 (1) A),!® (C;H,),W,(CO),(C,H,) (2.987 (1) A),™ (u-
Ph;AsCH,AsPh,) (u-Me,Cy) (u-Br)W,(CO);Br (2.937 (1)
A),5 [(u-Et,P)W(CO),], (3.05 (1) ﬁ.) 16 and I,W,(CO),
(3.155 A).17 Clearly, the W(1)-W(2) distances in 1a and
1b fall within the range observed for W-W single bonds.

By contrast, in the following molecules the valence re-
quirements of the tungsten atoms may be satisfied without
mvokmg metal-metal bonds. The W-W distances are
shown in parentheses: K3[W,(CO)4(u-OH);]-2H,0 (3.230
(5) A)18 and [HW(CO),(us-OH)Ph,POl, (average value of
3.48 A).2 These values are similar to the W{(1)-W(3) and
W(2)-W(3) distances in la (3.511 (2) and 3.273 (2) A,
respectively) and 1b (3.541 (2) and 3.272 (2) A, respec-
tively). Accordingly, 1a and 1b are formulated to contain

(13) Cotton, F. A.; Adams, R. D.; Collins, D. M. Inorg. Chem. 1974, 13,
10886.

(14) Grinley, D. S.; Bock, C. R.; Wrighton, M. S.; Fisher, B. F.; Tipton,
D. L.; Bau, R. J. Organomet. Chem. 1978, 157, 41.

(15) Fischer, E. O.; Rahs, A.; Friedrich, P.; Huttner, P. Angew. Chem.,
Int. Ed. Engl. 1977, 16, 465.

(16) Linck, M. H. Cryst. Struct. Commun. 1973, 2, 379.

(17) Couldwell, M. C.; Simpson, J.; Robinson, W. R. J. Organomet.
Chem. 1976, 107, 323.

(18) Albano, V. G.; Ciani, G.; Mannassero, M. J. Organomet. Chem.
1970, 25, C55.
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Figure 2. Stereoview of the independent trianions la (a) and 1b (b).

only one W-W single bond each. This interpretation also
formally satisfies the 18-electron requirement of each
tungsten atom, where the u-OCy,H; and u;-OC,H; groups
are normally considered to be three- and five-electron
donors, respectively. An analogous neutral manganese
complex, Mng(CO)g(u-OC,Hj) (13-OC,Hj;), has been struc-
turally characterized as a dimethylphenylphosphine de-
rivative, Mng(CO)s(PMe,Ph) (u-OC,H;) (1-OC,H;); and has
essentially the same structural features as 1a and 1b.5 This
quite unsymmetrical molecule was also formulated to
contain only one metal-metal bond for essentially the same
reasons as mentioned earlier.

Metal-Ligand Interactions and the Ligands. The
more important bond lengths are given in Table VI to-
gether with their standard deviations, Corresponding bond
lengths and angles between the two independent molecules
are paired. In some cases the differences between the
members of the pair would appear to be significant, but
we believe they are not. A half-normal probability plot!?
indicates that the esd’s should be about 50% larger. If we
compare chemically similar bonds, we find W-C(av) = 1.86
(M A, C-O(av) = 1.26 (8) A, W-u-Ofav) = 2.13 (2) A, and
W-us-Oav) = 2.23 (4) A, the esd’s estimated from the set
of bond lengths are again about 50% larger than those
found in the least-squares analysis. With these larger error
estimates the only bonds that seem significantly different
are W(1)-W(2) and W(3)-W(1). For both of these the
distance in molecule 1a is about 0.03 A (approximately 10
standard deviations) shorter than in molecule 1b. The
structure of [W,(CO)4(u-OH);]%, a related highly charged
anionic tungsten carbonyl complex, has been determined.’®
For this substance similar average bond distances were
reported: W-C(av) = 1.87 (2) A, C-O(av) = 1.21 (3) &, and
W-u-O(av) = 2.16 (2) A. The somewhat longer W-u5-O
distances found in la and 1b are consistent with those
reported for [HW(CO)4(u;-OH)(PhyPO) ], where W—u;-O-
(av) = 2.21 (2) A3

(19) Abrahams, S. C.; Keve, E. T. Acta. Crystallogr., Sect. A 1971,
A27,157.

Syntheses and Possible Structures of [M(CO),-
(XR)],”. Ethoxy Complexes (1, 2, and 3). The reaction
of sodium ethoxide with M(CO);PMTA (M = Mo, W)
provides the best characterized compounds of the general
formula [M(CO)3(XR)],*2® On the basis of the crys-
tallographic structure determination for the tungsten de-
rivative and the very similar IR and 'H NMR spectra
(Tables I and II) exhibited by the molybdenum and
tungsten compounds, it is reasonable to assign both of
these substances (1 and 2) the formula [Et,N];[M;-
(CO)g(u-OC,H;) (ug-OC.H;),] (M = Mo and W). It is im-
portant to note that the 'H NMR spectra of 1 and 2 show
two different enviornments for the ethoxy groups in so-
lution. These are assigned to the doubly and triply
bridging ethoxy groups. Thus, at room temperature these
groups do not rapidly interconvert on the NMR time scale
and the unsymmetrical trinuclear structures [M(CO)s-
(OC,Hj;)15* evidently persist in solution. This situation
is similar to that described by Abel et al.,? for the struc-
turally similar Mnz(CO)g(u-OR)(u5-OR), where R = Me
and Et. Major differences are present in the infrared
solution spectra of these manganese compounds and
[M;3(CO)g(s-OC,Hg)uz-OC,Hs)o]* (M = Mo, W), however.
While the manganese complexes show nine clearly resolved
CO stretching modes in hexane, the acetonitrile solution
spectra of 1 and 2 are much simpler and contain only four
CO stretching frequencies. The latter have bands which
are broader than those reported for [Mn(CO)3(OC.Hj;)]s
and quite possibly envelope more than one stretching mode

(20) M(CO);PMTA (M = Cr, Mo, W) rather than M(CO)3(CH;CN);
have been generally used in the reactions reported in this paper because
they are more easily handled and purified than the tris(acetonitrile)
complexes. However, in those cases where purified M(CO)3(CHCN); (M
= Mo, W) have been used, similar yields of products were obtained. We
have not used the previously reported M(CO)s(dien) (dien = di-
ethylenetriamine) in these reactions (Abel, E. W.; Bennett, M. A.; Wil-
kinson, G. J. Chem. Soc. 1959, 2323); however, there is no reason why
these species should not work equally well. Our original reason for pre-
paring the PMTA complexes was to examine their reductions by alkali
metals in liquid ammonia (Ellis, J. E.; Rochfort, G. L., to be submitted
for publication), where coordinated dien or CH3CN groups could be
deprotonated.
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Figure 3. Cubane-type structure proposed for [M(CO)3(XR)]*.

each. As indicated in the Experimental Section, it was not
possible to isolate pure samples of the corresponding
chromium complex, 3. Infrared spectra of impure
[Me,N],[Cr(CO)3(OEt)], in acetonitrile (Table I) contain
one more band than do corresponding spectra of 1 and 2.
This difference is likely to be due to the presence of an
impurity since attempted recrystallizations of this air-
sensitive orange substance result in changes in the intensity
ratios of certain »(CO) bands. The similarities in the in-
frared spectra of 1, and 2, and 3, however, suggest that the
unsymmetrical trimeric unit [Crz(CO)g(u-OC,Hg)(us-
OC,H;),1* is likely to be a component of the mixture.
Methoxy Complexes (4, 5, and 6). The reaction of
sodium methoxide with M(CO);PMTA (M = Cr, Mo, and
W) provides substances which have strikingly different
spectroscopic properties than those obtained above. In this
case, it was possible to isolate pure samples of only the
chromium and molybdenum derivatives, 4 and 5. The
infrared mull and solution spectra of 4 and 5 show only
two intense bands in the carbonyl stretching frequency
region instead of the four bands observed for 1 and 2. Also,
the TH NMR spectra of 4 and 5 show only one singlet due
to the methoxy group down to -45 °C. These spectroscopic
properties are more consistent with a much more sym-
metrical cube shaped tetranuclear structure, Figure 3,
where all M(CO); and XR units are equivalent, than the
highly unsymmetrical trinuclear structure established for
1. On this basis, we favor the tetranuclear formulations
[Et4N]4[M(CO)3(}L3'OCH3)}4 (M = Cl', MO) for 4 and 5,
which do not formally contain metal-metal bonds.
However, the possibility that 4 and 5 are trinuclear
species which have structures analogous to those of 1 and
2 cannot be ruled out presently. An intra- or intermole-
cular process which allows rapid exchange of the doubly
and triply bridging methoxy groups on the NMR time scale
could also be responsible for the observed single methoxy
environment. Although the infrared solution spectra of
4 and 5 in the »(CO) region are very simple and suggest
the presence of a highly symmetrical molecule, one must
be cautious in assigning structures based only on infrared
spectra especially for carbonylmetalates since one ab-
sorption envelope may consist of two or more nearly su-
perimposed carbonyl stretching frequencies. There also
exists the possibility that the complex, sometimes inse-
parable, mixtures observed in some reactions reported
herein (e.g., in the reaction leading to impure 6) may
contain both trimers and tetramers and possibly other
units; e.g., the dinuclear M,(CO)g(XR)4?" structure ob-
served in W5(CO)¢(OH);* '8 and compound 10 (vide infra).
Further work is required to resolve this issue.
Interestingly, the neutral manganese analogue of 4 has
been unequivocally shown to be a trimer and has the un-
symmetrical structure Mny(CO)g(u-OCHg)(u3-OCHy),
characteristic of 1.5 Abel and co-workers report that the
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'H NMR spectrum of this manganese complex shows two
singlets (of relative intensities 1:2) which are due to the
two nonequivalent methoxy groups. This manganese
complex, unlike 4, also has a very complex spectrum in the
»(CO) region. Treatment of the related ethoxy derivative,
Mn;(CO)g(u-OC,Hg) (ug-OCyH;), with thiophenol gives a
compound formulated as the tetrameric [Mn(CO);(us-
SPh)],, for which only two infrared active bands are ob-
served in the »(CO) region. Abel and co-workers also find
that the (benzyloxy)manganese derivative is the tetrameric
[Mn(CO)4(u5-OCH,Ph)], on the basis of 'H NMR, infrared,
and mass spectral data.’ Interestingly, in the synthesis of
this latter compound, small amounts of the trimeric
[Mn3(CO)y(u-OCH,Ph)(us-OCH,Ph),] also form. It is
puzzling why certain —XR groups appear to promote the
formation of trimers in the manganese system, while others
appear to favor the formation of tetramers. Also, we have
no explanation as to why [Mog(CO)g(u-OCoHg)(us-
OC,H;),]* is trimeric in the solid state and in solution
while its methoxy analogue appears to be the tetrameric
[Mo(CO);(us-OCHy)],*.

Thiophenoxy Complexes (7, 8, and 9). It was hoped
that the reaction of sodium thiophenoxide with M-
(CO);PMTA would result in the formation of more inert
[M(CO)3(XR)1,* complexes, since sulfur derivatives of
low-valent transition-metal complexes are generally more
robust and easier to handle than their oxygen analogues.
However, in this system only pure molybdenum and
tungsten complexes were isolated in rather low yields (see
Table III). The simplicity of their solution infrared spectra
(Table I) and close resemblance to the tetrameric [Mn-
(CO)3(SPh)],® suggests that these materials also contain
tetrameric [M(CO);(us5-SPh)],* units. But we presently
have no evidence that unambiguously rules out the pos-
sibility that trimeric or possibly other oligomeric units may
also be present in solution or in the solid state.

The molybdenum complex 7 crystallizes with one mol-
ecule of acetonitrile per trimeric or tetrameric unit. A very
weak band at 2140 cm™ in the Nujol mull spectrum is
assigned to acetonitrile of crystallization. A singlet at 1.96
ppm in the 'H NMR spectrum of 7 is also due to CH;CN,
but the integration of the signals in this spectrum and the
elemental analyses (Table III) do not permit a choice be-
tween trimeric (n = 3) or tetrameric (n = 4) units in
[Me,N],[Mo(CO)4(SPh)],-CH;CN. By comparison, the
tungsten analogue 8 crystallizes as an unsolvated solid.
Compound 8 also has very simple and similar infrared
spectra in solution and in the solid state which suggests
that the same oligomeric unit (probably n = 4) is present
in both phases.

Attempts to isolate pure samples of an analogous
chromium complex were unsuccessful. As shown in Table
I, the acetonitrile solution infrared spectrum of an impure
tetraphenylphosphonium salt (or mixture of salts) obtained
after cation exchange from the reaction of Cr(CO);PMTA
with sodium thiophenoxide is complex and does not ob-
viously correspond to any of the anions reported in this
paper or other known species such as M,(CO)4(u-XR)5*
(X = OH,'8 OPh (this work)).

Synthesis of [Et,N1;[W,(CO),(OPh);] (10). In con-
trast to most of the other reactions of M(CO);PMTA or
M(CO);3;(CH;CN); with XR~, the reaction of W(CO);(C-
H;CN); with 1 equiv of sodium phenoxide did not result
in the expected [W(CQ)3(OPh)],* complex. Instead, the
product isolated in 17% yield after cation exchange and
several recrystallizations was found by infrared and 'H
NMR spectra and elemental analyses to be consistent with
the formulation [Et,N];[W,(CO)¢(u-OPh),], 10. The in-
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frared spectrum of 10 shows two bands in the »(CO) region
in about the same positions as those for compound 5. On
this basis, it was initially thought that 10 should be for-
mulated as [W(CO)4(OPh)],*. However, its elemental
analyses (see footnote d of Table III) and 'H NMR spec-
trum (Table II)? provide strong support for the dinuclear
formulation.

The infrared spectrum of 10 is similar to that reported
for the previously mentioned K3[W,(CO)¢(u-OH);]-2H,0
(»(CO) 1840, 1700 cm™). The structure of Wy(CO)g(u-
OH);%" consists of three doubly bridging hydroxy groups
bound to two essentially noninteracting tungsten atoms,
each containing three terminal CO groups. It seems likely
that compound 10 adopts the same basic structure as the
hydroxy derivative. It was noted briefly in the Experi-
mental Section that attempts to isolate species such as
[M(CO0);0H],* or [My(CO)4(OH);]** (M = Cr, Mo, W)
from the complex product mixtures obtained in the reac-
tions of OH_ with corresponding M(CO);PMTA or M-

(21) The ratio of the integrated phenyl group hydrogens to the tetra-
ethylammonium cation hydrogens is very close to that expected for a 1:1
ratio of CgHjy to Et,N*.

(CO);3(CH4CN)5 have been unsuccessful.
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Tricarbonyl(2-5:9,10-1-9-methylenebicyclo[4.2.1]nona-2,4,7-triene)chromium(0), prepared by the reaction
of Cr(CO),3(CH3CN); with the tetraolefinic ligand I, crystallizes in space group C2/c¢ in a unit cell with
dimensions a = 25.682 (5) A, b = 6.850 (2) A, ¢ = 14.263 (3) A, 8 = 115.90 (1)°, and Z = 8. Structural
parameters for the molecule, including hydrogen atoms, were refined on F (2370 data in the range 0.043
< \1gin § < 0.7261 A~ having F,2 > 30(F.?) to final values for R and R,, of 0.040 and 0.048. Coordination
is approximately octahedral with three mutually cis carbonyl ligands and with the butadiene and the
semicyclic moieties coordinated: Cr-Cg(av) = 1.847 (14, 3) A; Cr-Cy(av) 2.367 (11, 3) (outer) and 2.200
,3) X; Cr-Cethyiene = 2339 (2) and 2.386 (3) A. When given, the first number in parentheses is the estimated
standard deviation derived from the scatter of parameters about their mean and the second is the estimated
standard deviation of an individual parameter. The C=C vector for the semicyclic olefin is approximately
perpendicular to those for the butadiene group—this stereochemistry is unusual, since endo coordination
to the bishomobenzene system is also feasible. Stereochemical arguments are presented in favor of the
preferential exo approach toward the butadiene group. The unusual *C NMR high-field coordination
shift of the quaternary carbon resonance of the semicyclic olefin (106 ppm compared to that for the free

olefin) is attributed to shielding effects.

Introduction

It is often true that the products of chemical reactions
fail to conform to the experimenters’ predictions—witness
the exponentially increasing numbers of crystal structures
of compounds which have proved relatively intractable to
conventional spectroscopic analysis. This is particularly
true for organometallic reactions, where the variable co-
ordination numbers, stereochemistries, and oxidation
states of a metal center conspire to give greater scope for
predictive disasters and hence to hinder attempts to sys-
tematize and understand mechanisms of organometallic
reactions.

For example, given a multiolefin molecule, where the
number of double bonds which could coordinate exceeds

0276-7333/82/2301-0689$01.25/0

the number of coordination sites available, what stereo-
chemistry may be expected? For the case of coordination
of olefins to platinum species, which has long been of
interest, considerable insight into the stereochemistry and
reactivity of such complexes now exists.!? The same
cannot be said for olefin coordination to many other
transition-metal species. Here we wish to consider the
coordination of the tetraolefin 9-methylenebicyclo-
[4.2.1]nona-2,4,7-triene I to the well-known trienophilic
M(CO); (M = Cr, Mo) species.

(1) (a) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
2079-2090. (b) Albright, T. A.; Hoffmann, R.; Thibeault, J. C., Thorn,
D. L. J. Am. Chem. Soc. 1979, 101, 3801-3812.

(2) Ittel, S. D.; Ibers, J. A. Adv. Organomet. Chem. 1976, 14, 33-61.
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frared spectrum of 10 shows two bands in the »(CO) region
in about the same positions as those for compound 5. On
this basis, it was initially thought that 10 should be for-
mulated as [W(CO)4(OPh)],*. However, its elemental
analyses (see footnote d of Table III) and 'H NMR spec-
trum (Table II)? provide strong support for the dinuclear
formulation.

The infrared spectrum of 10 is similar to that reported
for the previously mentioned K3[W,(CO)¢(u-OH);]-2H,0
(»(CO) 1840, 1700 cm™). The structure of Wy(CO)g(u-
OH);%" consists of three doubly bridging hydroxy groups
bound to two essentially noninteracting tungsten atoms,
each containing three terminal CO groups. It seems likely
that compound 10 adopts the same basic structure as the
hydroxy derivative. It was noted briefly in the Experi-
mental Section that attempts to isolate species such as
[M(CO0);0H],* or [My(CO)4(OH);]** (M = Cr, Mo, W)
from the complex product mixtures obtained in the reac-
tions of OH_ with corresponding M(CO);PMTA or M-

(21) The ratio of the integrated phenyl group hydrogens to the tetra-
ethylammonium cation hydrogens is very close to that expected for a 1:1
ratio of CgHjy to Et,N*.

(CO);3(CH4CN)5 have been unsuccessful.
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Tricarbonyl(2-5:9,10-1-9-methylenebicyclo[4.2.1]nona-2,4,7-triene)chromium(0), prepared by the reaction
of Cr(CO),3(CH3CN); with the tetraolefinic ligand I, crystallizes in space group C2/c¢ in a unit cell with
dimensions a = 25.682 (5) A, b = 6.850 (2) A, ¢ = 14.263 (3) A, 8 = 115.90 (1)°, and Z = 8. Structural
parameters for the molecule, including hydrogen atoms, were refined on F (2370 data in the range 0.043
< \1gin § < 0.7261 A~ having F,2 > 30(F.?) to final values for R and R,, of 0.040 and 0.048. Coordination
is approximately octahedral with three mutually cis carbonyl ligands and with the butadiene and the
semicyclic moieties coordinated: Cr-Cg(av) = 1.847 (14, 3) A; Cr-Cy(av) 2.367 (11, 3) (outer) and 2.200
,3) X; Cr-Cethyiene = 2339 (2) and 2.386 (3) A. When given, the first number in parentheses is the estimated
standard deviation derived from the scatter of parameters about their mean and the second is the estimated
standard deviation of an individual parameter. The C=C vector for the semicyclic olefin is approximately
perpendicular to those for the butadiene group—this stereochemistry is unusual, since endo coordination
to the bishomobenzene system is also feasible. Stereochemical arguments are presented in favor of the
preferential exo approach toward the butadiene group. The unusual *C NMR high-field coordination
shift of the quaternary carbon resonance of the semicyclic olefin (106 ppm compared to that for the free

olefin) is attributed to shielding effects.

Introduction

It is often true that the products of chemical reactions
fail to conform to the experimenters’ predictions—witness
the exponentially increasing numbers of crystal structures
of compounds which have proved relatively intractable to
conventional spectroscopic analysis. This is particularly
true for organometallic reactions, where the variable co-
ordination numbers, stereochemistries, and oxidation
states of a metal center conspire to give greater scope for
predictive disasters and hence to hinder attempts to sys-
tematize and understand mechanisms of organometallic
reactions.

For example, given a multiolefin molecule, where the
number of double bonds which could coordinate exceeds

0276-7333/82/2301-0689$01.25/0

the number of coordination sites available, what stereo-
chemistry may be expected? For the case of coordination
of olefins to platinum species, which has long been of
interest, considerable insight into the stereochemistry and
reactivity of such complexes now exists.!? The same
cannot be said for olefin coordination to many other
transition-metal species. Here we wish to consider the
coordination of the tetraolefin 9-methylenebicyclo-
[4.2.1]nona-2,4,7-triene I to the well-known trienophilic
M(CO); (M = Cr, Mo) species.

(1) (a) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
2079-2090. (b) Albright, T. A.; Hoffmann, R.; Thibeault, J. C., Thorn,
D. L. J. Am. Chem. Soc. 1979, 101, 3801-3812.

(2) Ittel, S. D.; Ibers, J. A. Adv. Organomet. Chem. 1976, 14, 33-61.
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Two very different modes of coordination are sterically
feasible for the formation of a monomeric M(CO);(tri-
olefin) complex. In the parallel mode the C=C vector of
the cyclic olefin lies approximately parallel to the buta-
diene plane to give a pseudobishomobenzene species; in
the perpendicular mode the C=C vector of the semicyclic
olefin lies approximately perpendicular to the butadiene
group.

Almost all olefin complexes of the M(CO); species have
involved conjugated trienes®'® or pseudotriene sys-
tems. 1151824 The single exception appears to be the
butadiene—olefin complex (5,6-dimethylenebicyclo[2.2.1]-
hept-2-ene)Mo(CO);.1" In no instance has coordination of
an olefin perpendicular to other coordinated olefins been
structurally characterized for the M(CO); systems; fur-
thermore, we know of only several structures where this
geometry is found—an RuCl(triolefin)® and a PtCly(di-
olefin)? species.

Thus, endo coordination of the tetraolefin I was ex-
pected, since this would yield the pseudobishomobenzene
species. Our previous investigations into the stereochem-
istry and isomerizations of the M(CO); compounds (M =
Cr, Mo, W) had shown that a pronounced preference for
this coordination mode existed, as thermal rearrangements
of bicyclo[6.1.0]nona-2,4,6-triene complexes yielded com-

(8) Baikie, P E.; Mills, O. S. J. Chem. Soc. A 1968, 2704-2709.

(4) Louer, M.; Simonneauzx, G.; Jaquen, G. J. J. Organomet. Chem.
1979, 164, 235-249.

(5) Dusausoy, Y.; Protas, J. Acte Crystallogr., Sect. B 1978, B34,
1714-1716.

(6) Brown, W. A, C.; McPhail, A. T; Sim, G. A. J. Chem. Soc. B 1966,
504-519.

(7) El Borai, M.; Guilard, R.; Fournari, P.; Dusausoy, Y.; Protas, J.
Bull. Chem. Soc. Fr. 1977, 75-82.

(8) Dusausoy, Y.; Protas, J.; Guilard, R. Acta Crystallogr. Sect. B,
1978, B29, 477-488.

(9) Bennett, M. J.; Cotton, F. A.; Takats, J. J. Am. Chem. Soc. 1968,
90, 903-909.

(10) Guss, J. M.; Mason, R. J. Chem. Soc., Dalton Trans. 1973,
1834-1840.

(11) Beddoes, R. L.; Lindley, P. F.; Mills, O. S. Angew. Chem. 1970,
82, 293-294.

(12) Barrow, M. J.; Mills, O. S. J. Chem. Soc. A 1971, 1982-1986.

(18) (a) Baikie, P. E.; Mills, O. S. J. Chem. Soc. A 1969, 328-333. (b)
Dobler, M.; Dunitz, J. D. Helv. Chim. Acta 1965, 48, 1429-1440.

(14) Paquette, L. A,; Liao, C. C.; Burson, R. L.; Wingard, R. E., Jr;
Shih, C. N,; Fayos, F.; Clardy, J. J. Am. Chem. Soc. 1977, 99, 6935—6945.

(15) Barrow, M. J.; Mills, O. J. J. Chem. Soc. D 1971, 220.

(16) Declercq, J. P.; Germain, G.; vanMeersche, M.; Chawdhury, S. A.
Acta Crystallogr., Sect. B 1979, B31, 2896-2998.

(17) Anderson, B. F.; Robertson, G. B.; Butler, D. N. Can. J. Chem.
1976, 54, 1958-1966.

(18) Henslee, W.; Davis, R. E. J. Organomet. Chem. 1974, 81, 389-402.

(19) Dusausoy, Y.; Protas, J.; Guilard, R. Acta Crystallogr., Sect. B
1973, B29, 726~730.

(20) Huttner, G.; Mills, O. S. Chem. Ber. 1972, 105, 301-311.

(21) Bear, C. A,; Trotter, J. J. Chem. Soc., Dalton Trans. 1973,
2285~2288.

(22) Weber, L.; Kriger, C.; Tsay, Y-H. Chem. Ber. 1978, 111,
1709-1720.

(23) Debaerdemaeker, T. Acta Crystallogr., Sect. B 1979, B35,
1686-1689.

(24) Vahrenkamp, H.; Noeth, H. Chem. Ber. 1972, 105, 1148-1157.

(25) Itoh, K.; Oshima, N.; Jameson, G. B.; Lewis, H. C.; Ibers, J. A. J.
Am. Chem. Soc. 1981, 103, 3014-3023.

(26) Wright, L. L.; Wing, R. M,; Rettig, M. F.; Wiger, G. R. J. Am.
Che. Soc. 1980, 102, 5949-5950.
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Table I. Crystal Data and Data Collection Parameters

formula CrC,,0H,,
fw 266.2 amu
space group Cin-C2/c

a 25.682 (5) A
b 6.850 (2) A
¢ 14.263 (3) A
8 115.90 (1)°
1% 2257 A®

z 8

temp 19 °C

flattened hexagonal needle,
0.13 x 0.20 X 0.54 mm

cryst shape

cryst vol 0.0124 mm?

radiation graphite-monochromated Mo Ka
(A =0.7093 &)

linear abs coeff 9.79 em™!

transmission factors 0.823-0.895

2.0°/min in 26
0.0431-0.7261 A™!
(3.5° < 20 < 62.0°)
10 s each side of peak with
rescan option?

scan speed
AT osin ¢ limits

bkgd counts

scan range 1.1° below Ka, to 0.9° above
Ka,

data collected th~k,+1

p 0.04

unique data 3917

unique data with 2370

F,? > 30(F,?)
@ Lenhert, P. G. J. Appl. Crystallogr. 1975, 8, 568.

pounds of bicyclo[4.2.1]nona-2,4,7-triene exclusively in very
good yields.??8  This type of rearrangement is not ob-
served in the free hydrocarbon or in the iron tricarbonyl
or cyclopentadienylcobalt complex of this ligand.?®:%
Olefin I can be regarded as a bicyclic derivative of cyclo-
octa-1,3,6-triene, whose M(CO); complexes (M = Cr, Mo,
Fe) we have also reported previously.?%%

13C NMR measurements of Cr(CO)5(CioHyo) and the
molybdenum analogue surprisingly indicated that the
metal tricarbonyl unit had exclusively adopted an exo
coordination mode; that is, the semicyclic double bond and
the butadiene group were coordinated.®® Here we confirm
the NMR assignment, and, through the structure analysis,
some light is shed on the geometry and properties of this
unusual ligand as well as the ligand properties of the
M(CO); (M = Cr, Mo) moieties. As no previous X-ray
structure analysis of a bicyclo[4.2.1]nona-2,4,7-triene de-
rivative existed so far, we also obtained additional insight
into the stereochemistry of this rather strained polyolefin
system.

Experimental Section

Preparation of Cr(CO);(C,oH,y). Ligand I was prepared
following the procedure given by Schechter.®? On treatment with
an excess of Cr(CO)3(CH3CN); in THF, a rapid color change was
observed. After workup and extraction with n-hexane, red crystals
of Cr(CO);3(CoH;p) precipitated at —30 °C. Single crystals were
grown from hexane by cooling a saturated and filtered solution
slowly from 20 to 5 °C. The 3C NMR spectrum was reported
previously by A.S.;3! the assignment of signals was based on

(27) Salzer, A. J. Organomet. Chem. 1976, 107, 79-86.

(28) Salzer, A. J. Organomet. Chem. 1976, 117, 245-251.

(29) Salzer, A.; von Philipsborn, W. J. Organomet. Chem. 1978, 161,
39-49.

(30) Beer, H. R.; Bigler, P.; von Philipsborn, W.; Salzer, A. Inorg.
Chim. Acta 1981, 53, L49-50.

(31) Salzer, A.; von Philipsborn, W. J. Organomet. Chem. 1979, 170,
63-70.

(32) Sanders, W. C.; Shechter, H. J. Am. Chem. Soc. 1973, 95,
6858-6859.





Cr(CO),(bicyclo[4.2.1]nona-2,4,7-triene)

Table II. Final Positional Parameters for Cr(CO),(C,H,,)

ATON

(22 TIT I 2RI T I22 PR ESRAT R 22 ST PRI 2 2Rt 22 2Tt ]

A

R 0.104485(15)  0.238051(53)  0.662845(27)
cl 0.12964(11)  0.44013(38)  0.60711(19)
c2 0.03435(12) 0.353T6l43) 0.63993(21)
(] 0.06492(11)  0.16156(40)  0.52653(19)
al 0. 144524(95) J1.55954(33) 0.56727(17)
02 -0.009911(10) Oe4l9T0041) Q.621441(20)
03 0.038773(88) 0.12248(35)  0.43948(15)
c10 © 0.08801(11)  0.00650(38)  0.76941120)
cll Q.10591011) -0.07389(37) 0.70021420)
c12 0.15670011) -0.02831(37)  0.68638(20)
Ccl3 0.19956111) 0.10622141) 0.74130(20)
Cla 0.213861(11) 0.17509143) 0.85050(20)
C15 0.158291(11) 0.261591038) 0.84360117)
Cle 0.13859(14) D.hh4481(42) 0.81254121)
c17 0.22333112) 0.00715(4T7) 0.925191(21)
cls 0.17668113) ~0.03107(44%) 0.93719(20)
c19 0.1273T(11)  0.10277040)  0.87166(19)
H11l 0.0815(12) =0.147T144%) 0.6531120)
H12 0.1571411) -0.,0818(40) 0.6241122)
Hl4 0.2426113) 0.2730(40) 0.87201023)
H16A 0.10291(14) 0.4850(47) 0.8162123)
H168 Qalb34113) 0.5342045) 0.80121(23)
H17 0.2585(14) =0.0499146) 0.9603(24)
Hl® 0.1713(12)  -0.1292(43) 0.9760(21)
H19 0.1067(11) 0.1488(39) 0.9026(20)
H10 0.0526(11)  -0.0222(35} 0.7580(18)
H13 0.2280(12) 0.1357(45) 0.7161422)
SEEBS 1t 1) ".‘I.‘..'.l"‘.“‘.‘.“.‘.O.‘“

A
ESTIMATED STANDARD DEVIATIONS IN THE LEAST SIGNIFICANT
FIGURE(S) ARE GIVEN IN PARENTHESES IN THIS AND ALL

SUBSEQUENT TABLES.

off-resonance experiments as well as other decoupling techniques.
Crystallographic Study of Cr(CO)4(C,eH,q). Symmetry and
systematic absences consistent with the space groups C!—Cc and
C%,—C2/c were observed with precession and Weissenberg pho-
tography. Lattice parameters and the precise orientation of the
crystal upon the Picker FACS-I diffractometer were derived from
the setting angles of 17 automatically centered reflections in the
range 0.4369 < X! sin 0 < 0.4583 A~ Other important features
of data collection are summarized in Table I. Standard programs
(a local version of the Northwestern University system®) and
procedures were used to solve and refine the structure, with all
calculations being performed on the University of Zurich's IBM
3033 computer. Interestingly, MULTAN 78 solutions were unin-
terpretable when all data were utilized. However, when data 26
< 40° (A" sin 0 < 0.4822 A™) were used, the whole molecule was
apparent; the less precisely measured high angle data had yielded
some spuriously high E values. We also note a recent counter
example to this where it was not until data with 26 = 40° (A" sin
8 = 0.4822 A1) were included that a recognizable solution ap-
peared, despite, in this case, the input of considerable (correct)
molecular information for the calculation of E values.3

(33) Waters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 16, 3273-3277.
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Figure 1. Molecular diagram and atom labeling scheme for
Cr(C0)4(CyyH,y). Thermal ellipsoids are drawn at the 50%
probability level, except for hydrogen atoms which are artificially
small.

Table V. Bond Distances (A) for Cr(CO),(C,H,,)

Cr-C(1) 1.848 (3)  C(10)-C(19)  1.515 (4)
Cr-C(2) 1.861 (3)  C(14)-C(15)  1.508 (4)
Cr-C(3) 1.833(3)  C(16)-C(19)  1.501 (4)
Cr-C(10) 2.359 (3)  C(14)-C(17)  1.514 (4)
Cr-C(11) 2.199 (3)  C(19)-C(18)  1.511 (4)
Cr-C(12) 2.201 (3)  C(17)-C(18)  1.309 (4)
Cr-C(13) 2.375(3)  C(10)-H(10)  0.87 (2)
Cr-C(15) 2.339 (2) C(11)-H(11) 0.86 (3)
Cr-C(16) 2.386 (3)  C(12)-H(12) 0.97 (3)
C(1)-0(1) 1.152(3)  C(13)-H(13) 0.97 (3)
C(2)-0(2) 1.142(3)  C(14)-H(14)  0.94 (3)
C(3)-0(3) 1.156 (83)  C(16)-H(16A) 0.98 (3)
C(10)-C(11)  1.373(3)  C(16)-H(16B) 0.95 (3)
C(12)-C(13)  1.386(4) C(17)-H(17)  0.91 (3)
C(15)-C(16)  1.351 (4)  C(18)-H(18)  0.92 (3)
C(11)-C(12)  1.436(4)  C(19)-H(19)  0.88 (3)
C(13)-C(14)  1.511 (4)

All hydrogen atoms were easily located in a penultimate dif-
ference Fourier map. Least-squares refinements converged at
values for R and R,, on F of 0.040 and 0.048 for a model comprising
17 nonhydrogen atoms with anisotropic thermal parameters, 10
hydrogen atoms with isotropic thermal parameters, and a pa-
rameter for secondary extinction—a total of 195 variable param-
eters. The final value for the error in an observation of unit weight
was 1.36 e.

The final difference Fourier map had no significant features,
and analysis of the agreement between F, and F, as functions of
the magnitude of F, and of ™! sin # showed no trends, indicating
that the weighting scheme assumed was satisfactory. Final
positional parameters are given in Table II. Table III lists the
thermal parameters, and Table IV lists 10F, vs. 10F.30

Results and Discussion

General Description of the Structure. Three mu-
tually cis carbonyl ligands, the butadiene, and semicyclic

(34) Dubler, E.; Kopajtic, Z.; Reller, A.; Jameson, G. B., manuseript
in preparation.
(35) Supplementary Material.
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Figure 2. The arrangement of molecules of Cr(CO)3(C,H,,) with respect to the unit cell.

Table VI. Bond Angles (Deg) for Cr(CO),(C,H,,)

C(1)-Cr-C(2) 95.7 (1) C(19)-C(10)-C(11)
C(1)-Cr-C(3) 83.9 (1) C(14)-C(13)-C(12)
C(2)-Cr-C(3) 83.7 (1) C(10)-C(11)-C(12)
C(1)-Cr-A¢ 164.6 C(13)-C(12)-C(11)
C(1)-Cr-B 101.3 C(18)-C(19)-C(10)
C(1)-Cr-C 94.5 C(17)-C(14)-C(13)
C(2)-Cr-4 99.7 C(13)-C(14)-C(15)
C(2)-Cr-B 162.9 C(10)-C(19)-C(15)
C(2)-Cr-C 92.2 C(17)-C(14)-C(15)
C(3)-Cr-A 97.7 C(18)-C(19)-C(15)
C(3)-Cr-B 100.0 C(14)-C(15)-C(186)
C(3)-Cr-C 175.4 C(19)-C(15)-C(16)
A-Cr-B 63.9 C(14)-C(15)-C(19)
A-Cr-C 85.0 C(14)-C(17)-C(18)
B-Cr-C 84.6 C(19)-C(18)-C(17)
Cr-C(1)-0(1) 176.0 (2) H(10)-C(10)-C(11)
Cr-C(2)-0(2) 176.7 (3) H(13)-C(13)-C(12)
Cr-C(3)-0(3) 176.6 (2) H(10)-C(10)-C(19)

125.1 (2) H(13)-C(13)-C(14) 116 (2)
124.4 (2) H(11)-C(11)-C(12) 115 (2)
128.4 (2) H(12)-C(12)-C(11) 115 (2)
127.7 (2) H(11)-C(11)-C(10) 116 (2)
111.0 (2) H(12)-C(12)-C(13) 117 (2)
112.3 (2) H(14)-C(14)-C(13) 111 (2)
105.0 (2) H(19)-C(19)-C(10) 110 (2)
105.5 (2) H(14)-C(14)-C(15) 109 (2)
101.6 (2) H(19)-C(19)-C(15) 112 (2)
101.9 (2) H(14)-C(14)-C(17) 117 (2)
126.4 (3) H(19)-C(19)-C(18) 116 (2)
126.4 (3) H(16A)-C(16)-C(15) 118 (2)
107.1 (2) H(16B)-C(16)-C(15) 118 (2)
111.7 (3) H(16A)-C(16)-H(16B) 123 (3)
111.4 (3) H(17)-C(17)-C(14) 122 (2)
115 (2) H(18)-C(18)-C(19) 121 (2)
118 (2) H(17)-C(17)-C(18) 126 (2)
119 (2) H(18)-C(18)-C(17) 128 (2)

% A, B, and C are defined as the midpoints of the olefin bonds C(10)-C(11), C(12)-C(13), and C(15)-C(16), respectively,

methylene olefin moieties combine to give a pseudoocta-
hedral coordination sphere around the chromium center,
as illustrated in Figures 1 and 3 and tabulated in Tables
V and VI (bond distances and angles). There exists a
pseudo-mirror plane defined by atoms C(1), O(1), and Cr,
which bisects the ligand 1. The most striking feature, the
exo mode of coordination adopted by the Cr(CO); species,
will be discussed below in more detail.

The packing of the molecules in the unit cell, illustrated
in Figure 2, is quite tight, consistent with the excellent
crystal mosaicity observed prior to data collection. Among
the nonhydrogen atoms the following close contacts are
noted: 0(2)--0(3) = 3.252 (4) &; O(1)--C(12) = 3.239 (4)
A; 0(3)-C(19) = 3.227 (4) A; including hydrogen atoms,
O(1)--H(12) = 2.56 (3) A. It is presumably through such
contacts that the small deviations from mirror symmetry
arise.

The Chromium-Olefin Moiety. Figure 3 clearly il-
lustrates the conformation of the coordinated 9-
methylenebicyclo[4.2.1]nona-2,4,7-triene molecule. Figure
4 shows bond distances and angles in the tetraolefin group.
Departures from mirror symmetry are small and mostly
of marginal significance.

Of more import is the conformation of this rather
strained bicycle; the angle at the bridging carbon atom of
the semicyclic double bond C(14)-C(15)-C(19) is only 107.1
(2)°; bond angles as small as 101.6 (2)° are observed at
C(sp®) centers. While the butadiene moiety is almost
planar (see Table VII for least-squares planes), atoms C(19)
and C(14) are substantially out of this plane (see also
Figure 3). As a result of this twist, the hydrogen atoms
H(11), H(12), H(13), and H(14) are significantly displaced
from the butadiene plane toward the chromium atom,
whereas for the methylene group the hydrogen atoms show
the more usual small displacement away from the metal.
The five-membered ring defined by atoms C(14), C(15),
C(17), C(18), and C(19) is also approximately planar (to
within 0.2 A); this was suggested earlier.®® Table VIII
quantifies the dihedral angles between various least-
squares planes.

In the 3C NMR spectrum of Cr(CO);(C,,H,() a high-
field shift of 106 ppm for the methylene carbon atom C(15)
was observed upon coordination; for the terminal carbon

(36) Hoffman, R. W.; Kurz, H. Chem. Ber. 1975, 108, 119-127.
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Table VII
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Least-Squares Planes

coeff: Ax + By + Cz-D=0¢ atoms defining pll,ane other abomsb

plane 2 B C D displacement displacement

but 6.125 -4.816 7.109 5.979 C(10) C(11) C(12) C(13) C(14) C(19) H(10) H(11) H(12) H@13)
-002 003 -004 002 534 503 -161 -126 -186 -146

ene 1 1.233  2.018 11.946 10.784 C(14) C(15) C(16) C(19) H(16A) H(16B)
-007 017 -009 -007 072 066

ene 2 -1.209 4.436 10.051 9.065 C(14) C(17) C(18) C(19) H(17) H(18) C(15) C(16)
002 -004 004 -002 053 -035 383 906

plane 4 6.179 -6.148 3.243 2.992 C(13) C(14) C(10) C(19) C(12) C(11)
-008 011 007 -010 376 388

@ The plane is in crystal coordinates as defined by: Hamilton, W. C. Acta Crystallogr. 1961, 14, 185-189.  The dis-

placement in A is generated by placing a decimal point in front of the first digit.

The estimated standard deviations for the

displacements of carbon atoms from their least-squares planes are 0.003 A.

Table VIII. Dihedral Angles (Deg) between Planes
but enel ene 2 plane 4
but 63.7 87.5 20.6
ene 1 . 23.9 84.3
ene 2 ce 108.1

0(3)

Figure 3. Conformation of the ligand I and Cr-C distances for
the complex.

atom the shift is a more usual 37 ppm (free ligand values
146.7 and 105.0 ppm;® coordinated ligand values 40.2 and
68.0 ppm for the chromium derivative and 48.5 and 65.2
ppm for the molybdenum analogue, respectively!). This
reversal in order is quite remarkable. Noting the absence
of tetrahedral distortion at the methylene carbon atom
C(15), we ascribe this large coordination shift to shielding
effects.

Formation of the Complex. The complex forms rap-
idly in solution and appears to be quite inert with respect
to rearrangement to the endo isomer. Both the cyclic and
semicyclic double bonds appear to be equally available for
coordination, so that stabilization of the exo product
relative to the endo isomer through steric factors can be
discounted. But it is still unclear, whether the unusual and
exclusive preference of Cr(CO); and Mo(CO); groups for
exo coordination to ligand I is governed by steric kinetic
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Figure 4. Bond distances (a) and bond angles (b) in the ligand
I

factors or whether electronic thermodynamic factors are
important.

Simple-minded considerations of olefinic = and =* or-
bital overlap with metal d orbitals yield no clues to elec-
tronic factors involved. However, plausible steric kinetic
factors exist. It is reasonable to assume, given the strained
nature of ligand I, that the observed conformation of the
ligand, when coordinated, closely resembles its uncoordi-
nated conformation. Furthermore, given the trienophilic
nature of the Cr(CO); and Mo(CO); species, interaction
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of these with the butadiene moiety probably dominates
in the transition state. Approach of the Cr(CO); group
toward the butadiene moiety is rather less hindered on the
exo side than on the endo side—the dihedral angle between
the butadiene plane and the cyclic double bond C(17)-C-
(18) (plane Ene 2) is only 87.5°, while the dihedral angle
made with the coordinated semicyclic olefin is 116.3° (as
seen by an approaching Cr(CO); group, see also Figure 3
and Table VIII). In addition, at distances where the Cr—
butadiene interaction is weak, interaction with the terminal
methylene carbon atom is possible. Thus, for certain di-
rections of approach, the methylene semicyclic double
bond could serve to guide the approaching Cr(CO); group
toward the butadiene component, thereby further en-
hancing exo approach.

Comparison with Other M(CO);(triene) Species.
Among structurally characterized complexes containing the
Cr(CO); or Mo(CO); moiety, it is only rarely that two
carbonyl lgands approach trans geometry and then only
as a result of coordination of the central atom to a phos-
phine ligand and a diolefin.’%!® In other cases,’"1517.19-24
particularly among the more precisely determined struc-
tures, deviations of the Cco—Cr—Cgp bond angles from 90°
are small. It should be noted that these angles generally
average to a value less than 90°, presumably from the steric
demands of the olefinic or other ligands. Thus, the C(1)
—-Cr-C(2) angle, which we have observed, is one of the
largest found, while the average angle of 87.8° is entirely
normal. While some apparently significantly short Cr—Ccq
bonds are known, these are invariably in structures of low
precision; for example, a Cr-C¢o bond of 1.72 (2) & is

associated with a C-O separation of 1.27 (2) A.2® Among
the conjugated triene complexes the values observed here
for the Cr-C¢y bonds are entirely comparable.

The Cr—Cq—c bonds lie comfortably within the range
which has been observed for triene and diene complexes,
although it is only in the curious homoaromatic systems!! 13
that bonds longer than the 2.386 (3) A for the Cr—C(16)
bond determined here have been found.

As noted earlier, butadiene-olefin and triolefin com-
plexes are exceedingly scarce and only the Mo(CO);(5,6-
dimethylenebicyclo[2.2.1]hept-2-ene) complex is available
for comparison. Here there is an angle of ~60° between
the olefin plane and the butadiene plane.

Concluding Remarks. Studies on appropriately sub-
stituted derivatives of I with extension to molybdenum and
tungsten tricarbonyl complexes are planned, in order to
probe further the binding properties of this ligand and
equally important the coordinating properties of the M-
(CO)4 species.
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parameters (Table III) and a listing of structure amplitudes (Table
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Labilization of CO Dissociation from Metal Clusters. 2. An
Investigation of Substitution Reactions of Bissubstituted
Derivatives of Tetrairidium Dodecacarbonyl, Ir,(CO)L, (L =
PPh,;, P(OPh),;, PBu;, and AsPh;)
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The reactions of Ir,(CO),,L, with an additional ligand have been studied for L. = PPhgy, P(OPh);, AsPh;,
and PBu;. Good pseudo-first-order kinetics were observed for each cluster, and the activation parameters
were evaluated for each reaction. The primary reaction pathway involves CO dissociation from the cluster
in the rate-determining step. Examination of the rates of CO loss from the series of complexes Ir,(CO);oLo,
L = PPh;, P(OPh);, AsPhg, PBug, and CO, reveals a dramatic labilization in the order CO < P(OPh); <
PBu; < PPhy < AsPh;. These ligands span 3 orders of magnitude in the CO dissociation rate. It is proposed
that CO dissociation occurs at a substituted metal center with bridging carbonyls transferring the coordinative
unsaturation to a second unsubstituted center. The kinetic labilization by the presence of the substituent
ligand L arises from a stabilization of the transition state.

Introduction

In an earlier paper dealing with the substitution pro-
cesses of Ir,(CO);L, we reported a significant enhancement
in the rate of CO dissociation from the monosubstituted
clusters, as compared to the parent cluster, Ir,(CO),,.!
The degree of acceleration in the rate of CO loss varied
with the nature of the substituent ligand

This labilization of CO loss was ascribed to a stabilization
of the resulting transition state by the presence of the
substituent ligand. This phenomenon is not unique to the
tetrairidium carbonyl clusters; CO dissociation was 55
times Iémre rapid from Ruy(CO),;PPh; than from Ruy-
(CO)ys.

(1) Sonnenberger, D. C.; Atwood, J. D. J. Am. Chem. Soc., in press.

(2) Malik, S. K.; Poé, A. Inorg. Chem. 1978, 17, 1484.
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The Cr—Cq—c bonds lie comfortably within the range
which has been observed for triene and diene complexes,
although it is only in the curious homoaromatic systems!! 13
that bonds longer than the 2.386 (3) A for the Cr—C(16)
bond determined here have been found.

As noted earlier, butadiene-olefin and triolefin com-
plexes are exceedingly scarce and only the Mo(CO);(5,6-
dimethylenebicyclo[2.2.1]hept-2-ene) complex is available
for comparison. Here there is an angle of ~60° between
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ligand L arises from a stabilization of the transition state.

Introduction

In an earlier paper dealing with the substitution pro-
cesses of Ir,(CO);L, we reported a significant enhancement
in the rate of CO dissociation from the monosubstituted
clusters, as compared to the parent cluster, Ir,(CO),,.!
The degree of acceleration in the rate of CO loss varied
with the nature of the substituent ligand

This labilization of CO loss was ascribed to a stabilization
of the resulting transition state by the presence of the
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tetrairidium carbonyl clusters; CO dissociation was 55
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Labilization of CO Dissociation from Metal Clusters

Table 1. Infrared Spectra of the Ir,(CO),, L, Clusters®
»(CO), em™

2068 (m), 2041 (s), 2000 (s, br),
1820 (w), 1790 (m, br)

2072 (m), 2050 (s), 2021 (s),
1835 (m), 1820 (m)

2068 (s), 2041 (s), 2006 (s, br),
1825 (m), 1787 (w)

2059 (m), 2032 (s), 1995 (s, br),
1825 (m), 1787 (m)

compd
Ir,(CO), ,(PPh,),

Ir,(CO), (P(OPh),),
Ir,(CO), ,(AsPh,),
Ir,(CO), ,(PBu,),

¢ In dichloromethane.

The ability of a unique ligand to affect the reactivity at
a metal center has been well documented in organometallic
chemistry. The presence of such ligands as Cp, Me, and
NO in a transition-metal carbonyl complex has been found
to alter the mechanism of reaction on the complex.*®
Other ligands, although not affecting the reaction mech-
anism, have been observed to alter the energetics.”® The
rates of CO dissociation from a number of six-coordinate
metal carbonyls was explained in terms of cis labilization,
a labilization toward dissociation of the CO cis to the
unique ligand.!? The cis labilization order

CO < P(OPh); < PPh; < - <Br <Cl-  (2)

was ascribed to a stabilization of the resulting square-py-
ramidal transition state by the labilizing ligand.

The presence of a second noncarbonyl ligand in an oc-
tahedral metal carbonyl complex leads to a further ac-
celeration of CO toward dissociation, though usually the
magnitude of the labilization is less than when the ligand
is the only labilizing ligand. Thus the presence of PPhg
in Mn(CO),PPh;Br accelerates CO dissociation by a factor
of 10 over the rate seen in Mn(CO)Br!! while the presence
of PPh; in Cr(CO)zPPh; accelerates the rate of CO dis-
sociation by a factor of 100 over the rate observed from
Cr(C0O),.12

The presence of a second unique ligand on a transi-
tion-metal carbonyl cluster has been observed to affect the
energetics of the CO dissociation process from that clus-
ter.21718 In these studies, however, there was no variation
in the nature of the substituent ligand, so that, as a result,
there exists insufficient data to understand the reactivity.
To increase our understanding of the effects of the ligand
environment on the reactivity at the metal centers of
transition-metal clusters, we have followed the further
substitution on the bissubstituted tetrairidium clusters,
Ir,(CO),4L; (L = PPhy, P(OPh);, AsPh;, and PBuy). A
previous study of Ir,(CO),,(PPhs), has indicated a sub-

(3) See, for example: Basolo, F.; Pearson, R. “Mechanisms of Inorganic
Reactions”; Wiley: New York, 1967.

(4) Mawby, R. J.; Basolo, F.; Pearson, R. G. J. Am. Chem. Soc. 1964,
86, 3994.

(5) Schuster-Woldan, H. G.; Basolo, F. J. Am. Chem. Soc. 1966, 88,
1657.
(6) Thorsteinson, E. M.; Basolo, F. J. Am. Chem. Soc. 1966, 88, 3929.

(7) Angelici, R. J.; Basolo, F. Inorg. Chem. 1963, 2, 728.

(8) Zingales, F.; Sartorelli, V.; Trovati, A. Inorg. Chem. 1967, 6, 1246.

(9) Wawersik, H.; Basolo, F. Inorg. Chim. Acta 1969, 3, 113.

(10) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1975, 97, 3380.

(11) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3156.

(12) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.

(13) Lichtenberger, D. L.; Brown, T. L. J. Am. Chem. Soc. 1978, 100,
366.
(14) Darensbourg, D. J.; Graves, A. H. Inorg. Chem. 1979, 18, 1267.
(15) Wovkulich, M. J.; Atwood, J. D. J. Organomet. Chem. 1980, 184,

(16) Wovkulich, M. J.; Feinberg, S. J.; Atwood, J. D. Inorg. Chem.
1980, 19, 2608.

(17) Karel, K. J.; Norton, J. R. J. Am. Chem. Soc. 1974, 96, 6812,
(18) Darensbourg, D. J.; Incorvia, M. J. Inorg. Chem. 1980, 19, 2585.
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Table II. Rate Constants for the Reaction of
Ir,(CO), ,(PPh,;), with PPh,¢

temp, °C 102[L], M 105k0b$1’ s!
64 1.5 33.56+ 0.3
0.76 33.3z 0.5
59 0.76 16.7 + 0.2
49 0.76 3.90:= 0.16

2 95% confidence limits.

stantial acceleration of CO dissociation.!”

Experimental Section

Preparations. Iridium trichloride dihydrate (Matthey Bishop
Co.), lithium chloride (Fisher Reagent Grade), trimethylamine
N-oxide (Aldrich Chemical Co.), triphenylarsine (Aldrich Chemical
Co.), and triphenyl phosphite (Aldrich Chemical Co.), and tri-
phenylphosphine (Aldrich Chemical Co.) were used as received;
tri-n-butylphosphine was vacuum distilled over sodium before
use.

All preparative-scale thin-layer chromatography was accom-
plished by using 1.0-mm thick silica gel (VWR Scientific Co.)
plates with calcium sulfate binder. All substituted tetrairidium
clusters were stored in an inert atmosphere glovebox under argon
for they were found to be slightly air-sensitive in the solid state.

Ir,(CO)o(PPhy), and Ir,(CO),o(P(OPh);s), were prepared as
previously described,'® with isolated yields of 27% and 25%,
respectively. The infrared spectra (reported in Table I) are in
agreement with the literature values.

Ir,(CO),0(AsPhy),; was prepared by a method similar to the
triphenylphosphine analogue. Purification was accomplished by
preparative-scale TLC (cyclohexane—-dichloromethane, 7:1) of the
reaction mixture. Recrystallization, using a 4:1 hexane-THF
mixture, gave orange crystals, in an isolated yield of 21%. The
infrared spectrum is listed in Table I.

Ir(CO),o(PBus), was also prepared by a procedure similar to
the triphenylphosphine derivative. Purification was achieved by
preparative-scale TLC (cyclohexane). Recrystallization from a
10:1 hexane-THF mixture gave dark yellow crystals in a 25%
isolated yield. The infrared spectrum (Table I) is in agreement
with previous assignment.?

Kinetic Studies. Triphenylphosphine (Aldrich Chemical Co.)
was used as received. Triphenyl phosphite, tri-n-butylphosphine,
and decane were purified as previously described.?! Chloro-
benzene was dried by refluxing over calcium hydride, vacuum
distilled, and stored under vacuum over molecular sieves. Tri-
phenylarsine was recrystallized from dry ethanol.

The reactions were accomplished in foil-wrapped vessels in
darkened hoods and followed by IR, using a Beckman 4240 in-
frared spectrophotometer and matched 1.0-mm NaCl cells, for
a minimum of 3 half-lives. All reactions were performed under
pseudo-first-order conditions, with a ligand concentration greater
than 20 times that of the cluster. A Haake FS constant-tem-
perature circulator was used to maintain the reactions at the
desired temperature to within +0,1 °C. All reactions were per-
formed in chlorobenzene under an argon atmosphere.

Ir,(CO),,(PPhy),. The reaction of Ir,(CO),y(PPhy), with PPh,
in chlorobenzene was investigated at temperatures between 49
and 64 °C. The kinetics were followed by monitoring the decrease
in absorbance at 2069 cm™ due to Ir,(CO)o(PPhy),.

Ir,(CO),,((P(OPh);),. The reactions of Ir,(CO),,(P(OPh),),
with PPhg, PBug, and P(OPh); in chlorobenzene were studied at
temperatures between 89 and 99 °C. The substitution kinetics
were followed by monitoring the decrease in absorbance at 2072
cm™, due to Ir,(CO);o(P(OPh);),.

Ir,(CO)o(AsPhg),. The reactions of Ir,(CO),o(AsPhy), with
AsPhg and PPh; in chlorobenzene were investigated at temper-
atures between 49 and 69 °C. The kinetics of the reaction with
PPh; were followed by monitoring the decrease in absorbance at
2066 cm™, due to Ir,(CO),,(AsPhj),. No kinetic data could be

(19) Stuntz, G. F.; Shapley, J. R. Inorg. Chem. 1976, 15, 1994.

(20) Drakesmith, A. J.; Whyman, R.; J. Chem. Soc., Dalton Trans.
1978, 362.

(21) Sonnenberger, D.; Atwood, J. D. Inorg. Chem. 1981, 20, 3243.
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Table III. Rate Constants for the Reaction of
Ir,(CO), (P(OPh),), with L?

temp,

ligand °C 10*[L], M 10%,ped, S
P(OPh), 99 0.76 45.5 + 0.6
94 0.76 25.2 + 2.7

89 3.1 15.5+ 0.4

1.5 14.8+ 0.9

0.76 14.2 + 0.7

PPh, 89 0.76 13.2+ 0.5
PBu, 89 0.80 415+ 1.7

¢ 95% confidence limits.

Table IV. Rate Constants for the Reaction of
Ir,(CO), ,(AsPh;), with PPh,¢

temp, °C 102[L], M 105kobsd s
69 0.76 88.6+ 1.0
59 1.5 27.3z+ 0.7

1.2 26.4+ 0.9
0.76 25.0+ 0.6
54 0.76 11.8+ 0.3

% 95% confidence limits.

Table V. Rate Constants for the Reaction of
Ir,(CO), ,(PBu;), with PBu,?

temp, °C 0[L], M 10%kpsd, S~
74 0.80 63.5 2.7
69 0.80 34.8: 0.4
68.5 1.6 33.7= 1.6
1.2 33.4+ 1.0
0.80 33.0+ 0.5

59 0.80 8.93 = 0.09

% 95% confidence limits.

obtained in the reaction with AsPh; due to an overlap of IR
absorbances in this spectral region.

Ir,(CO);,(PBug),. The reaction of Ir,(CO),,(PBug), with PBu,
in chlorobenzene was studied at temperatures between 59 and
74 °C. The kinetics were followed by monitoring the decrease
in absorbance at 2068 cm™ (Ir,(CO),o(PBuy),).

For the purpose of product identification, decane was used as
the reaction solvent. All other reaction conditions were identical
with those employed in the kinetic experiments.

Results

The reactions of Ir,(CO),oL, (L. = PPhy, P(OPh),, AsPh;,,
and PBuy) with PPhy, P(OPh);, or PBuy; followed pseu-
do-first-order kinetics for at least 2 half-lives, after which
overlap of product absorbances interferred with the kinetic
measurements. The pseudo-first-order rate constants, kg
are given in Tables II (L. = PPhy), III (L. = P(OPh),), IV
(L = AsPhy), and V (L. = PBu;). The ligand independent
and dependent rate constants, k; and k,, respectively,
obtained from plots of kg vs. [L'], as shown in Figure 1
(L = P(OPh)y), and eq 3, are listed in Table VI, while the
activation parameters are reported in Table VII.

During the substitution on Ir,(CO),,(PPhg), by PPh;,
IR bands appeared at 2040 (m), 1980 (s, br), 1960 (sh), and
1780 (m, br) cm™, all of which can be assigned to Ir,-
(CO)o(PPhy);. In the reaction of Ir,(CO),o(PBu,), with
PBuj, IR absorbances grew in at 1990 (sh), 1980 (m), 1950
(s), 1942 (sh), 1780 (sh), and 1767 (s) cm™l. These bands
can be assigned to Ir,(CO)y(PBug)s and Ir,(CO)g(PBus),,
with the latter being the predominant product under all
conditions studied.

In the reaction of Ir(CO)o(P(OPh),), with P(OPh),, IR
absorbances at 2050 (vw), 2030 (w), 2015 (sh), 1995 (s, br),
and 1805 (m, br) cm™ grew in. These bands can be as-
signed to Ir,(CO)g(P(OPh);); and Ir,(CO)s(P(OPh),),,%

Sonnenberger and Atwood
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Figure 1. Plot of k.4 vs. [L’] for the reaction of Ir,(CO)o(P-
(OPh);), with P(OPh); at 89 °C in chlorobenzene.

Table VI. Ligand Independent and Dependent Rate
Constants for Ir,(CO), L, + L'¢

substituent entering temp, 10°%,, 105k2 R
ligand ligand °C st Mig!
PPh, PPh, 64 33+ 1
P(OPh), P(OPh), 89 14+ 1 52+ 13
AsPh, PPh, 59 283+ 1 310 = 30
PBu, PBu, 685 32:1 88+ 14

¢ 95% confidence limits.

Table VII. Activation Parameters for Ir,(CO),,L, + L'¢

substituent  entering AH?, keal
ligand ligand mol™! aS*, eu
PPh, PPh, 32.0+ 0.9 20.2: 2.8
P(OPh), P(OPh), 30.5+ 1.0 7.6 27
AsPh, PPh, 27.9+ 0.9 8.6+ 2.7
PBu, PBu, 294+1.1 11.3 £ 3.3
PPh,? PPh, 31.0 17

@ 95% confidence limits. ? Reference 17.

with the latter the major substitution product. During the
reaction with PPh;, IR bands appeared at 2040 (m), 2015
(sh), 1987 (s, br), and 1790 (m, br) em™!, which have been
assigned to Ir(CO)g(P(OPh)3)o(PPhy),. In the reaction
with PBuj, IR absorbances grew in at 2062 (sh), 1980 (m),
1950 (s), 1942 (sh), and 1767 (s) cm™. The band at 2062
cm™! appeared early in the reaction but disappeared by the
end, when the absorbance at 2050 cm™ (Ir,(CO);o(P-
(OPh)s),) was minimal. The last four IR product bands,
identical with those observed in the reaction of Ir,-
(CO)19(PBuy), with PBuy, can be assigned to Ir,{CO),-
(P BU3)4.

During the reaction of Ir,(CO),,(AsPhs), with PPh,, IR
bands grew in at 2043 (m), 1982 (s, br), and 1780 (m) cm™,
all assigned to Ir,(CO)e(AsPh;),PPh;. In the substitution
by AsPh;, the observed product was Ir,(CO)4(AsPhs), (2042
(m), 1985 (s, br), and 1780 (m) ecm™).

Discussion

The reaction (eq 3) under consideration is the further
substitution on Ir,(CO),,L, by L’ (L, L’ = PPhy, P(OPh)s,,
AsPhy, and PBug). The reactions were studied at tem-

Ir,(CO)yoLsy + nL/ — s I£,(CO)1o Lol + nCO  (3)

peratures between 49 and 99 °C in chlorobenzene. The
specific substitution product varied with the entering
ligand, the substituent ligand, and the reaction tempera-

(22) Cattermole, P. E.; Orrell, K. G.; Osborne, A. G. J. Chem. Soc.,
Dalton Trans. 1974, 328.
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ture.2 For the reaction of a ligand L’ with Ir,(CO),,L,
(L # L"), the products were assigned by comparison of
their infrared spectra with those of the homoligated ana-
logues.?*

By following the decrease in concentration of the initial
cluster, Ir,(CO),,L,, good pseudo-first-order rate constants,
Robsds Were obtained, with a rate law

rate = (kl + kz[L/])[Ir4(CO)10L2] (4)

where the k,[L’] term is minor in comparison to k;. This
type of expression has been ascribed to both dissociative
interchange? and competing associative and dissociative
paths.?® It has been postulated that the substitution
processes on Ir,(C0)y5,2 Iry(CO);;L,! and Rug(CO),,% occur
via competing ligand attack and CO dissociative paths. In
the Ir,(CO),,L, system, we propose that the ligand inde-
pendent k; term arises from a CO dissociative rate-de-
termining step. All evidence is consistent with a CO dis-
sociative pathway for the first-order term.22 The relatively
minor k, term is more difficult to assign. For the com-
plexes Ir4(C0)10(PPh3)2, Ir4(CO)10(PBU3)2, and Ir4(CO)10'
(P(OPh)s),, the k, term probably arises from a dissociative
interchange mechanism, although we cannot completely
rule out an associative step. The small dependence on the
nature of the incoming ligand would be more consistent
with an I; mechanism. Reactions of Ir,(CO),o(AsPhy),
show a more marked dependence on the nature of the
incoming ligand and probably proceed by nucleophilic
attack on the cluster. The reason for this change is unclear
although AsPh; complexes have been previously observed
to have different behavior.?

The k; term is dominant in all of the reactions of Ir-
(CO) oL, which we have investigated, usually accounting
for greater than 90% of the total reaction rate. Nucleo-
philic attack by the entering ligand on the cluster is of less
importance in the Ir,(CO),,L, clusters than on the Ir,(C-
0),, and Ir,(CO),;L systems. This is evident when one
examines the results of the reactions where PBu; is the
incoming ligand. We have observed that both Ir,(CO),,
and the Ir,(CO);;,L clusters react with PBu, at room tem-
perature, presumably by nucleophilic attack.* The ob-
servations that the product of the room-temperature re-
actions of Ir,(CO),;L with PBu; was exclusively the bis-
substituted cluster! and that the reaction of Ir,(CO) oL,
with PBuj; only occurred at elevated temperatures imply
that the addition of a second substituent ligand to the Ir,
framework makes the cluster less reactive toward PBu,,
i.e., renders the associative mode of substitution a con-
siderably less favorable reaction pathway. A possible cause
for this effect may be that the addition of a second non-
carbonyl ligand increases the electron density on the Ir,
framework by an amount significant enough so that nu-
cleophilic attack would not be as favorable. An alternate
explanation is that the presence of two ligands renders the
cluster less susceptible to ligand attack for steric reasons.

(23) Only in the reaction of Ir,(CO);o(P(OPh);), with PBu, was the
replacement of the substituent ligand observed.

(24) Assignment of the mixed ligand products was based on a com-
parison to the homoligated analogues. The assigned products and in-
frared spectra (»(CO), in cm™) are as follows. Ir(CO)g(AsPh,),PPhy:
2043 (m), 1982 (s, br), 1780 (m) em™. Ir,(CO)s(P(OPh);3)o(PPhg);: 2040
(m), 2015 (sh), 1987 (s, br), 1790 (m, br) cm™,

(25) Covey, W. D.; Brown, T. L. Inorg. Chem.-1973, 12, 2820.

(26) Rossetti, R.; Stanghellini, P. L. J. Coord. Chem. 1974, 3, 217.

(27) Poé, A.; Twigg, M. V. J. Chem. Soc., Dalton Trans. 1974, 1860.

(28) Reaction of Ir,(CO);o(PPhy,), with PPhy under an atmosphere of
CO caused the rate to slow from (3.35 + 0.03) X 10~ s! to (1.59 = 0.09)
X 10~ 574, fully consistent with expectations for CO dissociation although
not a definitive experiment.

(29) Absi-Halabi, M.; Atwood, J. D.; Forbus, N. P.; Brown, T. L. J.
Am. Chem. Soc. 1980, 102, 6248.
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Table VIII. Relative Rates of CO Dissociation from the
Tetrairidium Carbonyl Clusters

relative

cluster rate®
Ir,(CO),, 1
Ir (CO), ,P(OPh), ¢ 8
Ir,(CO),,(P(OPh);), 21
Ir,(CO),,AsPh,° 54
Ir ,(CO), PPh,°¢ 82
Ir,(CO),,PBu, ¢ 170
Ir ,(CO), o(PBu,), 540
Ir ,(CO), o(PPh,), 1200
Ir ,(CO), ,( AsPh,), 1200

¢ Rate from Ir,(CO),, was defined as unity. P Refer-
ence 21. ¢ Reference 7.

We have ascribed the ligand independent term to
rate-determining CO dissociation from the clusters fol-
lowed by rapid reaction with the incoming ligand 1.”. The
effect of the substituent ligand L in Ir,(CQO) oL, on the rate
of CO loss is quite dramatic as shown in Table VIII. The
order of enhancement in the rate of CO dissociation from
these clusters

CO < P(OPh); < PBu; < PPh; < AsPhg 5)

is similar to that observed for cis labilization on mono-
nuclear complexes,'®13 to that seen for the dimers Mn,-
(CO),L.,? and to the monosubstituted species Ir,(CO),; L.
This similarity strongly suggests that similar factors are
responsible for the labilization of CO dissociation in mo-
nonuclear, dinuclear, and polynuclear systems.

The presence of the second labilizing ligand on tetra-
iridium causes a further labilization, very similar to mo-
nonuclear complexes.!i2 The second ligand does not la-
bilize CO dissociation as much as the first ligand substi-
tuted on the cluster, and neither is the labilization additive.
This similarity to mononuclear complexes suggests the
metal cluster complex can be compared to mononuclear
complexes, but that considering each metal center on a
cluster to be a mononuclear complex is an oversimplifi-
cation. The changes in infrared spectra upon substitution
of a labilizing ligand for CO further show that the metal
cluster functions as a unit. All infrared frequencies de-
crease (~30 cm™) upon substitution of one PBu, for CO.%
If the metal centers acted as discreet units, one would
anticipate that a few frequencies would be reduced but
that the others would be relatively unaffected. Substitu-
tion on one metal by a labilizing ligand also affects the
Co—CO bond length at the other Co atoms in the plane in
Co4(C0),,PPh,,%! where the apical Co—CO distance is 0.04
A longer than the average Co—~CO distance for the un-
substituted cobalt atoms in the plane.

In CO dissociative processes from Ir,(CO),;L, we sug-
gested that the CO dissociated from the substituted irid-
ium center.! With loss from the substituted center, the
incoming ligand would not fill the empty coordination site
due to steric crowding. Similar to the MnRe(CO),, sys-
tem,?2 the unsaturation could be transferred by a bridging
(semibridging) carbonyl to a second, unsubstituted iridium
center, which could then undergo substitution. The ac-
celeration in the rate of CO dissociation from the clusters
upon substitution of a ligand for a CO was proposed to
result from a stabilization of the transition state, formed

(30) This lowering in infrared stretching frequencies of the carbon
monoxide ligands occurs for Ir,(CO);;PBu; going to Ir,(CO)(PBug),
where no gross structural changes occur.

(81) Darensbourg, D. J.; Incorvia, M. J. Inorg. Chem. 1981, 20, 1911.

(32) Sonnenberger, D.; Atwood, J. D. J. Am. Chem. Soc. 1980, 102,
3484.
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TSa Tsr

Figure 2. Possible transition states resulting from CO dissociation
on Ir,(CO),0Ly. Carbonyl ligands on the unsubstituted iridium
centers are omitted for clarity.

by CO loss, by the presence of the substituent ligand,
similar to the cis labilization effect in mononuclear car-
bonyl complexes.! We believe that the predominant effects
operative in Ir(CO),oL, are also transition-state stabili-
zation by the presence of the ligands. The order observed,
however, is slightly different than observed for Ir,(CO),;, L.
We believe that the electron-deficient transition state is
stabilized by a ligand which can relieve the unsaturation
and that the energy of the transition states generated by
CO dissociation from Ir,(CO);0l; would be in the order L
= PBu; < PPh; < AsPh; < P(OPh); < CO which is that
expected from consideration of the s-donor strength of the
ligands. The order of observed kinetic labilities of CO
requires consideration of the M-CO bond strength
{(ground-state properties). Substituting two weak w-ac-
cepting ligands for CO on Ir,(CO),, increases the = back-
bonding onto the remaining CO’s, thereby increasing the
Ir-CO bond strength. The observed order of CO lability
from Ir(CO),0L; is a consequence of two competing fea-
tures, the stabilization of the transition state by ¢ donors
and an increase in the Ir-CO bond strength by weak =
acceptors. The order observed parallels the steric size,?
but we believe that steric interactions play a small role in
the acceleration of CO dissociation from these clusters.
Steric interactions would involve weakening of the Ir-CO
bonds by the presence of these labilizing ligands. No ev-
idence exists for this bond weakening in these complexes;
indeed evidence points toward a strengthening of the Ir-
CO bonds as substitution occurs.

The site of CO dissociation in these Ir, clusters is dif-
ficult to predict. If CO dissociation occurs at the substi-
tuted iridium centers, there would be two sites for CO loss
in the bissubstituted cluster and only one in the mono-
substituted species.3* Statistically one would expect a
doubling of the rate for the bissubstituted complexes in
comparison to the monosubstituted species. The rate of
CO dissociation from any particular Ir,(CO),,L, cluster,
however, was greater than twice the rate of CO loss from

(33) Tolman, C. A. J. Am. Chem. Soc. 1970, 92, 2956.
(34) Each substituted iridium center has one terminal carbonyl.

Sonnenberger and Atwood

the corresponding Ir,(CO),;L complex (Table VIII). Since,
in the bissubstituted clusters, the two substituent ligands
are not in equivalent coordination sites, with one in the
axial site on a basal iridium and the other on a second basal
iridium in a radial state, the two sites for CO dissociation
are not equivalent. Thus, one would not necessarily expect
the rate of CO loss from the Ir,(CO);,L, clusters to be twice
the rate from the monosubstituted complexes. In Ir,(C-
0),,L the substituent ligand occupies an axial coordination
site on a basal iridium. Upon going to Ir,(CO),0L, the
additional unique ligand is coordinated to a second basal
iridium in a radial site. It has been proposed that the
lowest energy conformer for the Cy, M, cluster is with the
substituent ligand in a basal axial coordination site,® but
steric repulsions force the second ligand on Ir,(CO),L, to
be in a basal equatorial position. If CO dissociation occurs
at the radially substituted iridium center, the CO loss from
the axial position on that center could permit the sub-
stituent ligand to drop down from its equatorial position
into a semiaxial coordination site in the transition state
(TSr),® as shown in Figure 2. The dissociation of CO from
the axially substituted iridium center would lead to a
transition state (T'Sa) similar to that formed in the loss
of CO from Ir,(CO)y;,L. If the loss of CO from the radially
substituted iridium did permit the substituent ligand to
migrate toward the more energetically favorable axial co-
ordination site, one might expect the resulting transition
state, TSr, to be lower in energy than the TSa transition
state, which results from CO loss at the axially substituted
center. As a result of this transition-state labilization, the
rate of CO dissociation from the radially substituted
iridium would be greater than the rate from the axially
substituted center. Hence, one would expect the rate of
CO loss from a bissubstituted cluster to be greater than
twice the rate of CO loss from the corresponding mono-
substituted complex.

We have shown that the rate of CO dissociation from
Ir,(CO),4L, depends on the substituent ligand L and have
offered an explanation of the ligand effects in terms of a
labilization of the CO’s on the substituted iridium centers.
We suggest that this labilization (very similar to cis la-
bilization in mononuclear complexes) is also operative in
the reactions of dinuclear and other polynuclear metal
carbonyl complexes.
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The core electron binding energy of the methylidyne carbon atom in RC[Co(CO);]; compounds is a function
of the electronegativity of the R group; the trend of binding energy with R group is similar to that for the
methyl carbon atom in the corresponding RCH; compounds. The core binding energies of the [Co(CO);];
cluster generally change similarly, but to a smaller extent, with changing R group. However, for R = OCHj,
and R = N(CHjy),, the core binding energies of the [Co(CO);]; cluster are significantly lower than expected.
These data, and a combination of UPS and XPS data for the chloro and bromo compounds, indicate that
groups such as OCH,, N(CHj,),, Cl, and Br act as 7 donors toward the C[Co(CO);]; system. Binding energy
data indicate that the CH groups of HC[Co(CO);]3 and (HC),[Co(CO);], are negatively charged, with the
CH group of HC[Co(CO);]; more negative than those of (HC)3;[Co(CO)s],. The significantly lower binding
energies of [Co(CQO);], reflect the fact that three of the carbonyl groups in this compound are bridging.

The nature of the bonding in the (alkylidyne)tricobalt
nonacarbonyl complexes, RC[Co(CO);ls, is a topic which
has intrigued chemists ever since the first characterization
of these compounds.? According to polyhedral cluster
theory,? the Co(CO); group is analogous to the CH group;
therefore the parent complex HC[Co(CQ);]; can be looked
upon as an analogue of tetrahedrane. The complexes may
also be considered as analogues of CR groups chemisorbed
on a metal surface. Clearly the nature of the interaction
of the CR groups with the Cog(CO)q cluster is of interest.
In this study we have used gas-phase X-ray photoelectron
spectroscopy (XPS) to probe the valence-electron density
on the various atoms in this family of complexes and, for
comparison, in compounds which are structurally and
electronically related. For each compound we have ob-
tained spectra in the Co 2p;;, O 1s, and C 1s regions. Each
C 1s spectrum shows a strong peak near 293 eV due to the
CO groups and a band near 290 eV due to the CR groups.
As an example, the C 1s spectrum of the parent compound,
HC[Co(CO);]3, is shown in Figure 1.

The RC[Co(CO);]; Compounds. The binding energy
data for the RC[Co(CO);]3 compounds are presented in
Table I. The binding energy of the methylidyne carbon
atom appears to be a straightforward function of the
electronegativity of the attached R group. Indeed the
trend in binding energies of the methylidyne carbon atom
is very similar to that of the methyl carbon atom in the
corresponding RCH; compounds. To emphasize this
correlation and the normalcy of the methylidyne binding
energies, we have plotted these binding energies against
one another in Figure 2.

The binding energies of the cobalt atoms and the carbon
and oxygen atoms of the carbonyl groups are relatively
insensitive to changes in the R group. However, slight
effects can be seen as the electronegativity of R is changed.
Thus, in each set the binding energy is low when R is the

(1) (a) University of California and Lawrence Berkeley Laboratory.
(b) Massachusetts Institute of Technology.

(2) For a review, see: Seyferth, D. Adv. Organomet. Chem. 1976, 14,
97.

(8) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1.

(4) Bakke, A. A;; Chen, H. W.; Jolly, W. L. J. Electron Spectrosc.
Relat. Phenom. 1980, 20, 333.

0276-7333/82/2301-0699$01.25/0

relatively electropositive SiEt; group and is high when R
is the relatively electronegative chloro group. The re-
markable feature of the data is that the cobalt and car-
bonyl binding energies of the methoxy and dimethylamido
compounds are much lower than one might expect on the
basis of the high electronegativities of these groups. The
lowest binding energies in each of the three sets (cobalt,
carbonyl oxygen, and carbonyl carbon binding energies)
are those for the compounds with R = SiEt;, OCHj, and
N(CHj;),. The relatively low net electron withdrawal by
the methoxy and dimethylamido groups is probably related
to the fact that these groups have readily available non-
bonding w-electron density and are very good w-donor
groups.” We believe that the data indicate strong 7-donor
interaction of the methoxy and dimethylamido groups with
the CCos(CO)q cluster, of the type implied by the following
valence-bond resonance structure.

CHs

+

0~

I

c
(o) 3C \ / 0(CO)s
8)3

This type of delocalized = bonding between the R group
and the CCog(CO)q cluster has been suggested in previous
studies. Thus Miller and Brill® have observed that 2Co
NQR coupling constants correlate with the Hammett oy
parameters for the R group but show no correlation with
the corresponding o1 parameters. Chesky and Hall” have
found that both UPS spectra and MO calculations are
consistent with a m-bonding system in the cluster that can
act either as a donor or an acceptor. They propose that
the methylidyne carbon forms a bond to the metal triangle
with an sp hybrid orbital and that the two remaining p
orbitals form multicentered = bonds to the Co; system.

(5) For example, the Hammett oy values for OCH; and NH, are much
more negative than the values for Cl and Br. See: Shorter, J.
“Correlation Analysis in Organic Chemistry”; Clarendon Press: Oxford,
1973; p 18.

(6) Miller, D. C,; Brill, T\ B. Inorg. Chem. 1978, 17, 240.

(7) Chesky, P. T.; Hall, M. B. Inorg. Chem. 1981, 20, 4419.

© 1982 American Chemical Society
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Figure 1. Carbon 1s spectrum of HC[{Co(CO),]3 vapor.
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Figure 2. Plot of carbon 1s binding energy for the methylidyne
carbon atom of RC[Co(CQ);]; vs. the carbon 1s binding energy
of the methyl group of RCH;.

Analogous Compounds. Because of the formal elec-
tronic analogy of the CH group and the Co(CO); group,
we have studied other tetrahedral cluster compounds
containing these groups, i.e., [Co(CO);]y, (HC);[Co(CO);],,
and derivatives of these compounds. The binding energy
data are given in Table II. First let us compare the three
acetylene complexes, or C,Co, cluster compounds. Sub-
stitution with the relatively electron-donating Me;Si and
Me;C groups, as expected, causes all the binding energies
to decrease significantly. The differences between the
compound with two Me;Si groups and that with one Me,Si
and one Me,C group are only about twice the uncertainties
in the data, and we have no explanation for these small
differences.

On going from HC[Co(CO);]5 to (HC),[Co(CO)s],, the
cobalt and carbonyl carbon binding energies decrease
slightly, and the oxygen binding energy is essentially
constant. We conclude that, in these two compounds, the
electron densities on the Co(COQ); groups are similar, with
slightly more electron density on the Co(CO); groups of
(HC)3[Co(CO)4],.

There is a marked decrease in the C 1s binding energy
of the CH carbon atom on going from (HC),[Co(CO);], to
HC[Co(CO),);. This result suggests that the CH group of
HC[Co(CO),]; is more negatively charged than the CH
groups of (HC),[Co(CO)sl,. Indeed this conclusion is
consistent with the other binding energies, which suggest
that the Co(CO); groups in (HC),;[Co(CO)4], have slightly
more electron density than those in HC[Co(CO);l,.
However, in molecules like these it is dangerous to inter-
pret binding energy shifts simply in terms of changes in
atomic charge. A complete analysis should also take ac-

Core Binding Energies (eV) and Line Widths (eV) of (Alkylidyne tricobalt Nonacarbonyl Clusters, RC{Co(CO),], ¢

Table 1.
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Table II. Core Binding Energies of {Co(CO),], and Some Related Compounds (eV)*

Cis
compd Co 2p,,, cO CH or C*R C*H,

[Co(CO),], 785.75 (8) 539.43°0 293.22 (7)
HC[{Co(CO),1, 786.38 (5) 539.63 (5) 298.32 (3) 289.50 (8)
(HC),[Co(CO),], 786.23 (4) 539.69 (4) 293.24 (3) 290.08 (6)
(Me,SiC),[Co(CO),], 785.97 (4) 539.37 (5) 292.99 (8) 289.80 (5)°
(Me ,CC)Me,SiC)[Co(CO),], 785.92 (4) 539.23 (6) 292.74 (8) 289.3 (2)¢ 290.3 (2)4
(CO),FeCo,(CO),H 785.86 (7) 539.19° 298.36 (7)

291.14°

22

¢ The uncertainty in the last digit (generally estimated as twice the standard deviation determined by the least-squares fit)
is indicated parenthetically. © Weighted average for the bridging and terminal carbonyl groups. The individual peaks were
deconvoluted as follows. For Co,(CO),,, Eg(br) = 538.48 (17), Eﬁ(t) = 539.75 (7) eV. For FeCo,(CO) H, Eg(br) =
3

538.08 (14), Eg(t) = 539.56 (7). ¢ Single peak observed for six C

and two cluster carbons. ¢ “‘Organic” C band

deconvoluted into two peaks with 2:1 intensity ratio. Stronger peak corresponds to average CH, group, weaker to average

of central tert-butyl and two cluster carbons. ¢ Reference 4.

Table III. Calculated Charges on CH Groups Using
C 1s Binding Energies and the Potential Equation

charge on CH group

including assuming

compd AEgR term  AER =0
HC[Co(CO),], -0.50 -0.67
(HC),[Co(CO),}, -0.17 -0.28

count of changes in potential due to all the groups in the
molecules and changes in electronic relaxation energy
accompanying core emission.? In transition-metal car-
bonyl complexes, the relaxation energy term can account
for a large part of the binding energy shift.” Presumably
the Co(CO); group is considerably more polarizable than
the CH group, and therefore one would expect greater
relaxation energy for a CH group bonded to three Co(CO);
groups than for one bonded to two Co(CO); groups and
a CH group. In order to obtain at least qualitative in-
formation regarding the actual charges on the CH groups
in these compounds, we have analyzed the CH carbon
binding energy data for acetylene (in which the CH group
obviously has zero charge), HC[Co(CO);]3, and (HC),-
[Co(CO)3], using the “potential equation”® both with and
without inclusion of the relaxation energy term. Relaxa-
tion energies were estimated by a modification of the
transition-state method,'® using CNDO/2 wave functions
and the equivalent cores approximation.!! The assump-
tions made and details of the method of calculation are
summarized in the Experimental Section, and the results
are given in Table III. The relaxation energies used in
the calculations are half of the values obtained by
straightforward application of the transition-state method.
A correction factor of about half in conjunction with
CNDO charges was found in earlier work to give satis-
factory correlations of binding energy data for LMn(CO);
compounds!? and for compounds of nitrogen and phos-
phorus;!3 it seems likely that such corrected relaxation
energies are more appropriate for this system than the
uncorrected values. In spite of the uncertainties in the

(8) Gelius, U. Phys. Scr. 1974, 9, 133.

(9) Freund, H. J.; Plummer, E. W.; Salaneck, W. R.; Bigelow, R. W.
J. Chem. Phys. 1981, 75, 4275.

(10) Hedin, L.; Johansson, A. J. Phys. B 1969, 2, 1336. Jolly, W. L.
Discuss. Faraday Soc. 1972, 54, 13. Davis, D. W.; Shirley, D. A. Chem.
Phys. Lett. 1972, 15, 185. Davis, D. W.; Shirley, D. A. J. Electron
Spectrosc. Relat. Phenom. 1974, 3, 137.

(11) Jolly, W. L. In “Electron Spectroscopy: Theory, Techniques and
Applications”; Brundle, C. R., Baker, A. D., Eds.; Academic Press:
London, 1977; Vol. I, pp 119-149.

(12) Avanzino, S. C.; Chen, H. W.; Donahue, C. J.; Jolly, W. L. Inorg.
Chem. 1980, 19, 2201.

(13) Perry, W. B.; Schaaf, T. F.; Jolly, W. L. J. Am. Chem. Soc. 1975,
97, 4899.

relaxation energies, we believe that the charges based on
relaxation energies are much more reliable than those
calculated on the unreasonable basis of zero relaxation
energy. Taking account of the considerable uncertainties
in the calculations, we conclude that the charges on the
CH groups in HC[CO(CO)3]3 and (HC)Q[CO(CO)a]z are —0.5
+ 0.2 and 0.2 + 0.2, respectively. The result for HC-
[Co(CO)s]; is consistent with recent UPS” and X-ray
diffraction data4 which indicate that the Coy(CO), cluster
in this molecule is electron releasing. The fact that the
Co3(CO), group can accept w-electron density from groups
such as CH;OC and donate electron density to CH shows
that the Cos(CO), cluster possesses a “flexible” 7 system’
and that electronic relaxation or polarization is sometimes
more important than ground-state molecular properties
in determining chemical reactivity.!®

On going from HC[Co(CO);]3 or (HC),[Co(CO);), to
[Co(CO)s],, the cobalt binding energy decreases markedly
and the carbonyl binding energies decrease slightly but
significantly. We believe these changes are due to the basic
structural difference between [Co(CO};]4 and the CCos and
C,Co, cluster compounds. In [Co(CO)s], three of the
carbonyl groups are bridging between pairs of cobalt atoms
on the edges of one face of the Co, tetrahedron. Bridging
CO groups are known to have lower binding energies than
terminal CO groups,’® and thus the weighted average
binding energy of the CO groups in [Co(CO);], is lower
than one would expect if all the groups were terminal. We
believe that the cobalt binding energy of [Co(CO)s], is
lower than in the unbridged CCo; and C,Co, compounds
because the average number of coordinated CO groups is
3.75 rather than 3, and consequently the relaxation energy
is greater. It has been previously noted that the elec-
tron-flow contribution to relaxation energy increases with
an increase in the number of bonds, or avenues for electron
ﬂOW.”'ls

It is interesting that the cobalt, oxygen, and carbon
binding energies of (CO)sFeCoy(CO)gH (which is isoelec-
tronic and isostructural with [Co(CO)s],) are similar to
those of [Co(CO)3],.

Information from Valence-Shell Ionization Poten-
tials. Evidence for increased back-bonding in Co,(CO);,
due to the bridging carbonyl groups can be obtained from

(14) Leung, P.; Holladay, A.; Coppens, P. “Abstracts of Papers”, 181st -
National Meeting of the American Chemical Society, Atlanta, GA, Mar
1981; American Chemical Society: Washington, DC, 1981; Inorg Paper
90

(15) Aitken, E. J.; Bahl, M. K.; Bomben, K. D.; Gimzewski, J. K;
Nolan, G. S.; Thomas, T. D. J. Am. Chem. Soc. 1980, 102, 4873.

(16) Avanzino, S. C.; Jolly, W. L. J. Am. Chem. Soc. 1976, 98, 6505.

(17) Davis, D. W.; Shirley, D. A. Chem. Phys. Lett. 1972, 15, 185.

(18) Jolly, W. L.; Perry, W. B. J. Am. Chem. Soc. 1973, 95, 5442.
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a combination of UPS and XPS spectral data. The low-
energy bands due to the “nonbonding” cobalt 3d orbitals
observed in the UPS spectra of HC[Co(CO);l;, CH;C-
[Co(CO)s4l5, CIC[Co(CO)4l5, BrC[Co(CO)4]3, CH;0C[Co-
(CO);ls, and (HC),[Co(CO);), appear at 8.8, 8.7, 8.8, 8.9,
8.6, and 8.7 eV, respectively.”1*2! These values are very
similar to the corresponding value for Co(CO),,, viz., 8.9
eV.2122 However, for these data to be used to judge the
relative bonding characters of the 3d orbitals, the ioniza-
tion potentials for the RC[Co(CO);]; compounds should
be corrected for the changes in relaxation energy and at-
omic charge on going from Co,(CO),; to RC[Co(CO)s]s.
This can be approximately accomplished® by subtracting
from each ionization potential eight-tenths of the differ-
ence in the cobalt 2p;s,, binding energy 0.8[Ex(RCCos-
(CO)g) - EB(CO4(CO)12){. Thus we calculate that, if all the
potentials and relaxation energies were the same as those
of [Co(CO)4l,, the RC[Co(CO)s]; and (HC),[Co(CO);l,
ionization potentials would be 8.3, 8.3, 8.3, 8.4, 8.3, and 8.3
eV, respectively. These values are remarkably similar and
are about 0.6 eV lower than the cobalt 3d= ionization
potential of Co,(CO),,. Clearly the cobalt 3d orbitals of
the RC[Co(CO);); compounds and (HC),[Co(CO),]; are
very similar in character and have about 0.6 eV less =-
bonding character than the corresponding orbitals in
Coy(CO)y,.

Similar calculations can be made for the valence p=
orbitals of the halogen atoms in CIC[Co(CQ);]; and BrC-
[Co(CO)g]s, using the ionization potentials obtained from
UPS spectra. We may reasonably assume that the lowest
ionization potentials of HCI and HBr (12.8 and 11.8 eV,
respectively?2) correspond to strictly nonbonding halogen
pr orbitals. From the differences in the halogen core
binding energies* between XC[Co(CO0);]; and HX, we
calculate the following values for hypothetical nonbonding
pr orbitals in the XC[Co(CO);]; compounds. For CIC-
[Co(CO)4l5

12.8 + 0.8(205.69 - 207.39) = 114 eV

For BrC[Co(CO);],
11.8 + 0.8(75.64 — 77.36) =

The observed ionization potentials for CIC[Co(CO);]5 and
BrC[Co(CO)s]s, 12.3 and 11.6 eV, respectively,”'9%! are
higher than the estimated nonbonding ionization potentials
and thus are consistent with r-bonding between the hal-
ogen atoms and the CCo3(CO), clusters. Unfortunately
the appropriate valence and core ionization potentials for
the CH;0 oxygen atom of CH;0C[Co(CO);l; and the ni-
trogen atom of Me,NC[Co(CO)]; have not been measured.
Calculations using these data would allow us to test our
conclusion, based on core binding energies alone, that these
systems have even stronger = interactions between the R
groups and the CCo4(CO), clusters.

10.4 eV

Experimental Section

The spectra were obtained in the gas phase using procedures
described previously.”? N, gas was run simultaneously with the

(19) Granozzi, G.; Agnolin, S.; Casarin, M.; Osella, D. J. Organomet.
Chem. 1981, 208, Cé.

(20) Van Dam, H.; Stufkens, D. J.; Oskam, A.; Doran, M.; Hillier, L.
H. J. Electron Spectrosc. Relat. Phenom. 1980, 21, 47.

(21) Vertical ionization potentials.

(22) Green, J. C.; Mingos, D. M. P.; Seddon, E. A. Inorg. Chem. 1981,
20, 2595.

(23) Jolly, W. L. J. Phys. Chem. 1981, 85, 3792.

(24) Turner, D. S.; Baker, C.; Baker, A. D.; Brundle, C. R. “Molecular
Photoelectron Spectroscopy”; Wiley-Interscience: London, 1970.

Xiang et al.

compounds to obtain more accurate calibration. A computer
program corrected the peak centers for drift after every few scans.
We also made some improvements in the fitting program? to allow
for vibrational broadening and the X-ray doublet. For instance,
the Mg Ka; line was assigned half the intensity of and an energy
0.33 eV higher than the Ko, line. The new version of the fitting
program expresses each peak in a spectrum as a sum of several
lines. However, all our reported binding energies are “vertical®
ionization potentials, corresponding to the weighted averages of
the constituent peak centers. The cluster compounds HC[Co-
(CO);]; and (HC);[Co(CO)3)3, and most of the related substituted
derivatives, are volatile enough that we were able to obtain their
spectra at room temperature. However, it was necessary to
maintain Et;SiC[{Co(CO)sl; and [Co(CO);]4 at 40 °C and H[Fe-
(CO);3][Co(CO);3l;5 at 50 °C in order to obtain satisfactory spectra.
All the binding energies are based on spectrometer calibrations
with the free nitrogen N 1s, Ne 1s, and Ne 2s lines, except the
O 1s and C 1s spectra of (CHg),NC[Co(CO),]; where it was possible
to measure the binding energies relative to the decomposition
product, carbon monoxide. Some of the core binding energies
have been published previously.?® Several binding energies, not
given in Tables I and II, were measured. These and the corre-
sponding line widths are listed here. CIC[Co(COQ)s]s: Cl 2ps),
205.69 (6) eV, 1.53 (12) eV; Cl 2p, 5 207.29 (10) eV, 1.46 (19) eV
BrC[Co(CO)s]5: Br 3d;,, 75.64 (10) eV, 1.80 (30) eV. Et,SiC-
[Co(CO)sls: Si 2pss 105.73 (10) eV, 1.22 (28) eV. (Me3CC)-
(MesSIC)Co(CO)sly: S 2Dy 106.2 (2) eV, 2.1 (9) eV.
(MegSiC),[Co(CO)3]e: Si 2pgs 106 22 (10) eV, 1.49 (26) eV.

The compounds HC[Co(C({))a]a,29 ClC[Co(CO)3]3, and BrC-
[Co(CO0);)4% were prepared according to published procedures,
described previously.?® A sample of CH;C[Co(CO),]; was kindly
provided by L. Stuhl. The (HC),[Co(C0O);], was prepared by the
method of Greenfield et al.** The product melted at 12.5-13 °C
(lit. mp 13 °C) and was shown to be pure by its 'H and *C NMR
spectra, using C¢Dg solvent. The [Co(CO),), was prepared by the
method of Chini et al.®® and sublimed twice. The infrared
spectrum agreed with the literature.?® The compounds Et,SiC-
[(:()((:0)3]3,34r (CI‘Is)zNC[CO(CO):;];;,'S5 CHaOC[CO(CO);‘;]g,Ss
(Me;SiC,SiMes) [Co(C0);]0,% and (MesCCySiMe;)[Co(CO)5)o%
were prepared and characterized by the referenced procedures.
The HFeCo3(CO),, was kindly supplied by Dr. M. Tachikawa.
This compound was sublimed immediately before use; its infrared
spectrum agreed with that in the literature.?®

The change in charge of the CH carbon atom (AQ¢) on going
from acetylene to HC[Co(CO);]; or (HC),[Co(CO);]; was caleu-
lated by using the equation

AEB = kAQC + AV - AER

where AEjp is the change in the C 1s binding energy, k is 22.1
eV /charge,® AV is the change in potential due to the charges of

(25) Chen, H. W.; Jolly, W. L.; Kopf, J.; Lee, T. H. J. Am. Chem. Soc.
1979, 101, 2607.

(26) Program CURVY, written by Bakke, A. A.

(27) Beatham, N.; Orchard, A. F. J. Electron Spectrosc. Relat. Phe-
nom. 1976, 9, 129,

(28) Avanzino, S. C.; Bakke, A. A.; Chen, H. W.; Donahue, C. J.; Jolly,
W. L.; Lee, T. H.; Ricco, A. J. Inorg. Chem. 1980, 19, 1931.

(29) Nestle, M. O.; Hallgren, J. E.; Seyferth, D. Inorg. Synth. 1980, 20,
226.

(30) Nivert, C. L.; Williams, G. H.; Seyferth, D. Inorg. Synth. 1980,
20, 234.

(31) Ercoli, R.; Santambrogio, E.; Casagrande, G. T. Chim. Ind. (Mi-
lan) 1962, 44, 1344.

(32) Greenfield, H.; Sternberg, H. W.; Friedel, R. A,; Wotiz, J. H;
Markby, R.; Wender, 1. J. Am. Chem. Soc. 1956, 78, 120.

(33) Chini, P.; Albano, V.; Martinengo, S. J. Organomet. Chem. 1969,
16, 471.

(34) Seyferth, D.; Rudie, C. N.; Nestle, M. 0. J. Organomet. Chem.
1979, 178, 227.

(35) Seyferth, D; Hallgren, J. E.; Hung, P. L. K. J. Organomet. Chem.
1973, 50, 265.

(36) Kriterke, U.; Hibel, W. Chem. Ber. 1961, 94, 2829.

(37) White, D. G., unpublished work.

(38) Bor, G.; Sbrignadello, G.; Noack, K. Helv. Chim. Acta 1975, 58,
815.

(39) The (1/r) value calculated from the Slater exponent of the va-
lence shell orbital of carbon is 22.1 eV/charge.
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the other atoms, and AE}, is the change in relaxation energy. The
Ep values were calculated from the relation Eg = 0.25[$,,(C) -
®.(N*), where &,,(C) is the valence potential in the ground-state
molecule and ®,,(N¥) is the valence potential in the ion, ap-
proximated by replacing the C nucleus by the N nucleus.!%!?
CNDO/2 wave functions were used.** We assumed that the
relative valence-electron populations of the atoms in the Co(CO);
groups were the same as calculated for HCo(CO),,*! that Q¢ =
~0.2 in acetylene,*? and that (AQu/AQc) = 0.2, The experi-
mental geometry of C,H,* was used, and symmetric idealized
geometries for HC[Co(CO0);];* and (HC);[Co(CO);],* were as-

(40) Sherwood, P. M. A. J. Chem. Soc., Faraday Trans. 2 1976, 72,
1791, 1805.

(41) Grima, J.; Choplin, F.; Kaufmann, G. J. Organomet. Chem. 1977,
129, 221.

(42) Germer, H. A. J. Chem. Phys. 19783, 58, 3524.

(43) This assumption corresponds to an “inductive constant™ of 0.2.
Very similar results were obtained by using a factor of 0.4.

(44) Herzberg, G. “Infrared and Raman Spectroscopy”; Van Nostrand
Co.: New York, 1945; p 398.

(45) Sutton, P. W,; Dahl, L. F. J. Am. Chem. Soc. 1967, 89, 261.

sumed. In the cobalt complexes, we assumed Co—CO and C-O
bond distances of 1.8 and 1.1 A, and a C-H bond distance equal
to that in benzene. The calculated relaxation energies for CoH,,
HC[Co(CO);]3, and (HC),[Co(CO);], are 7.68, 10.35, and 10.18
eV, respectively.
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Tantalum pentachloride is reduced under argon by sodium amalgam in the presence of PMe, to give
red paramagnetic TaCl3(PMeg); in 80% yield. It decomposes readily in solution to give [TaCls(PMe;)s]o.
It reacts with hydrogen to give [TaCly(PMes),],H, and with ethylene to give trans-Ta(CoH,)(PMes),Cls,
but it does not react with molecular nitrogen to give known [TaCl;(PMes)y]o(u-Ny). Ta(CyH,)(PMey),Cl;
is reduced by sodium amalgam in the presence of PMe; under argon to give Ta(C,H,)(PMe;),Cl in high
yield. Ta(C,H,)(PMe;),Cl, like Ta(CHCMe;)(PMeg),Cl, reacts readily with molecular nitrogen to give
p-dinitrogen complexes. The dinitrogen complexes react with HCI to give hydrazine dihydrochloride in
high yield and with acetone to give dimethylketazine. The dinitrogen complexes have been labeled with

15N, and studied by *N NMR and IR spectroscopy.

Introduction

We recently reported some simple u-dinitrogen com-
plexes of tantalum and niobium which were prepared by
reacting neopentylidene complexes with azines.! These
appear to be best regarded as complezes of N+ according
to structural investigations? and reactions with HCl and
acetone which are analogous to those of tantalum and
niobium imido complexes.! The natural question is
whether these or some related u-N, complexes can be
prepared by reacting a reduced tantalum or niobium
complex with molecular nitrogen. In this paper we show
that u-dinitrogen complexes containing neopentylidene or
ethylene ligands can be prepared in this manner but that
at least one member of the class of compounds which was
prepared via the azine route cannot. Details of the prep-
aration and properties of two new reduced tantalum com-
plexes, TaCly(PMe;); and Ta(C,H,)(PMe;),Cl, are in-
cluded. Some of these results have appeared in a prelim-
inary communication.?

(1) Rocklage, 8. M.,; Schrock, R. R. J. Am. Chem. Soc., in press.

(2) (a) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1981, 20, 2899.
(b) Ibid. 1982, 21, 218.

(8) Turner, H. W.; Fellmann, J. D.; Rocklage, S. M.; Schrock, R. R.;
Churchill, M. R.; Wasserman, H. J. J. Am. Chem. Soc. 1980, 102, 7809.

Results

Preparation of Reduced Tantalum Complexes.
Tantalum pentachloride is reduced smoothly by sodium
amalgam under argon in the presence of excess PMe; to
give bright red TaClg(PMes); in 80% yield. A cryoscopic
molecular weight study shows it to be a monomer. Since
two types of PMe; resonances are observed in the high-
field 'H NMR spectrum (at 4 —6.21 (area 2) and 9.57 (area
1)), TaCl;(PMey); is best formulated as an octahedron
containing meridional PMe; ligands. TaCl;(PMe;); can
also be prepared by heating Ta,Clg(tetrahydrothiophene),*
with excess PMe; in benzene at 60 °C for 12 h in a sealed
tube. To our knowledge TaCl;(PMey); is the only simple
monomeric adduct of MCl; (M = Nb® or Ta).

The peculiar chemical shifts of the PMe; protons in the
IH NMR spectrum and the fact that no 3'P{{H} NMR

(4) (a) Templeton, J. L.; Dorman, W. C.; Clardy, J. C.; McCarley, R.
E. Inorg. Chem. 1978, 17, 1263; (b) Templeton, J. L.; McCarley, R. E.
Inorg. Chem. 1978, 17, 2293.

(5) (a) NbCl3(PPhMe,), has been reported®® but its molecularity is
unknown. It may be a dimer analogous to [TaClzL;),. [NbCl3(PMey);),
has been prepared from Nb(CHCMey) (PMes)gcCIs and ethylene.” Several
simple dimeric M(ITI) complexes are known.*> (b) Hubert-Pfalzgraf, L.;
Riess, J. G. Inorg. Chim. Acta 1978, 29, L251. (c) Hubert-Pfalzgraf, L.;
Tsunoda, M.; Riess, J. G. Ibid. 1980, 41, 283.
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the other atoms, and AE}, is the change in relaxation energy. The
Ep values were calculated from the relation Eg = 0.25[$,,(C) -
®.(N*), where &,,(C) is the valence potential in the ground-state
molecule and ®,,(N¥) is the valence potential in the ion, ap-
proximated by replacing the C nucleus by the N nucleus.!%!?
CNDO/2 wave functions were used.** We assumed that the
relative valence-electron populations of the atoms in the Co(CO);
groups were the same as calculated for HCo(CO),,*! that Q¢ =
~0.2 in acetylene,*? and that (AQu/AQc) = 0.2, The experi-
mental geometry of C,H,* was used, and symmetric idealized
geometries for HC[Co(CO0);];* and (HC);[Co(CO);],* were as-
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sumed. In the cobalt complexes, we assumed Co—CO and C-O
bond distances of 1.8 and 1.1 A, and a C-H bond distance equal
to that in benzene. The calculated relaxation energies for CoH,,
HC[Co(CO);]3, and (HC),[Co(CO);], are 7.68, 10.35, and 10.18
eV, respectively.
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Tantalum pentachloride is reduced under argon by sodium amalgam in the presence of PMe, to give
red paramagnetic TaCl3(PMeg); in 80% yield. It decomposes readily in solution to give [TaCls(PMe;)s]o.
It reacts with hydrogen to give [TaCly(PMes),],H, and with ethylene to give trans-Ta(CoH,)(PMes),Cls,
but it does not react with molecular nitrogen to give known [TaCl;(PMes)y]o(u-Ny). Ta(CyH,)(PMey),Cl;
is reduced by sodium amalgam in the presence of PMe; under argon to give Ta(C,H,)(PMe;),Cl in high
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Introduction

We recently reported some simple u-dinitrogen com-
plexes of tantalum and niobium which were prepared by
reacting neopentylidene complexes with azines.! These
appear to be best regarded as complezes of N+ according
to structural investigations? and reactions with HCl and
acetone which are analogous to those of tantalum and
niobium imido complexes.! The natural question is
whether these or some related u-N, complexes can be
prepared by reacting a reduced tantalum or niobium
complex with molecular nitrogen. In this paper we show
that u-dinitrogen complexes containing neopentylidene or
ethylene ligands can be prepared in this manner but that
at least one member of the class of compounds which was
prepared via the azine route cannot. Details of the prep-
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Results

Preparation of Reduced Tantalum Complexes.
Tantalum pentachloride is reduced smoothly by sodium
amalgam under argon in the presence of excess PMe; to
give bright red TaClg(PMes); in 80% yield. A cryoscopic
molecular weight study shows it to be a monomer. Since
two types of PMe; resonances are observed in the high-
field 'H NMR spectrum (at 4 —6.21 (area 2) and 9.57 (area
1)), TaCl;(PMey); is best formulated as an octahedron
containing meridional PMe; ligands. TaCl;(PMe;); can
also be prepared by heating Ta,Clg(tetrahydrothiophene),*
with excess PMe; in benzene at 60 °C for 12 h in a sealed
tube. To our knowledge TaCl;(PMey); is the only simple
monomeric adduct of MCl; (M = Nb® or Ta).

The peculiar chemical shifts of the PMe; protons in the
IH NMR spectrum and the fact that no 3'P{{H} NMR

(4) (a) Templeton, J. L.; Dorman, W. C.; Clardy, J. C.; McCarley, R.
E. Inorg. Chem. 1978, 17, 1263; (b) Templeton, J. L.; McCarley, R. E.
Inorg. Chem. 1978, 17, 2293.

(5) (a) NbCl3(PPhMe,), has been reported®® but its molecularity is
unknown. It may be a dimer analogous to [TaClzL;),. [NbCl3(PMey);),
has been prepared from Nb(CHCMey) (PMes)gcCIs and ethylene.” Several
simple dimeric M(ITI) complexes are known.*> (b) Hubert-Pfalzgraf, L.;
Riess, J. G. Inorg. Chim. Acta 1978, 29, L251. (c) Hubert-Pfalzgraf, L.;
Tsunoda, M.; Riess, J. G. Ibid. 1980, 41, 283.
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Figure 1. The EPR spectrum of TaCly(PMey); in toluene at 77
K (peak separation ~ 240 G at 9.162 GHz).

spectrum could be observed at 25 °C suggests that this d?
complex is paramagnetic. Although no EPR spectrum is
observed at room temperature, at 77 K an eighth-line
pattern (g,, = 1.92) with a peak separation of ~240 G (at
9.162 GHz) is observed (Figure 1).

TaCly(PMejy); decomposes readily in solution to give a
dimer, [TaCl;(PMe;);],. The 3P NMR spectrum (two
singlets, —-32 and —54 ppm) suggests that [TaCl;(PMes),),
is a bioctahedron containing two phosphine ligands in axial
positions on one metal and two in equatorial positions on
the other metal. A recent single-crystal X-ray structural
study has shown this to be the case.? TaCl;(PMey)s, like
{TaCls(PMeg),],, reacts readily with molecular hydrogen
to give [TaCl;(PMeg););H.® and with ethylene to give
trans-Ta(C,H,)(PMey),Cls.” All these results suggest that
one PMe;, ligand is lost to give incipient TaCl;(PMeg),.
Although an associative reaction between TaCls(PMe;);
and H, or C;H, would be difficult to rule out, it seems
considerably less likely.

When Ta(C,H,)(PMe,),Cl; is reduced by sodium
amalgam in the presence of PMe; under argon, Ta-
(C;H,)(PMe,),Cl can be isolated in high yield. Ta-
(C,H,)(PMe,),Cl is extremely sensitive to oxygen and
dinitrogen and difficult to isolate and handle. The signal
for the ethylene protons is a quintet at 2.25 ppm (Jyp =
3.7 Hz) in the 'H NMR spectrum, as is the signal for the
ethylene carbon atoms at 33.2 ppm (Joy = 146 ppm) in
the 13C NMR spectrum. The quintet pattern for the sig-
nals suggests that no PMe; is being lost on the NMR time
scale and that the ethylene ligand is probably rotating
about the Ta—ethylene bond axis in an octahedral molecule
containing four PMe; ligands in a plane. The absence of
a 3'P{!H} NMR spectrum at temperatures down to 60 °C
suggests that this formally d* metal complex is slightly
paramagnetic (cf. ReClg(PMe,)s®).

Because we believed Ta(C,H,)(PMe,),Cl did not analyze
due to loss of PMe, in the solid state, we prepared a Ta-
(CyH,)(dmpe),Cl complex. Ta(C,H,)(dmpe),Cl appears
to be analogous to Ta(C,H,)(PMe;),Cl and does analyze
correctly. It can be prepared and handled under di-
nitrogen.

Ta(CHCMe;)(PMe;),Cl has been reported in a prelim-
inary communication.? A discussion of the preparation
and properties of it and several analogues will be presented
elsewhere.

Formation of [Ta(CHCMe;)(PMe;).Cl]y(u-N,).
When Ta(CHCMe;)(PMe;),Cl is dissolved in a mixture of
ether and tetrahydrofuran and the solution is exposed to

(6) (a) Sattelberger, A. P.; Wilson, R. B., Jr.; Hoffman, J. C. J. Am.
Chem. Soc. 1980, 102, 7111. (b) Sattelberger said no metal-hydride
stretch was observed in the region 2915-1420 ecm™. We observed it at
1260 cm™ as shown by deuterium labeling (vyp = 890 cm™).

(7) Rocklage, S. M.; Fellmann, J. D.; Rupprecht, G. A.; Messerle, L.
W.; Schrock, R. R. J. Am. Chem. Soc. 1981, 103, 1440.

(8) Gunz, H. P.; Leigh, G. J. J. Chem. Soc. A 1971, 2229.

(9) Fellman, J. D.; Turner, H. W.; Schrock, R. R. J. Am. Chem. Soc.
1980, 102, 6609.
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Figure 2. (a) The IR spectrum of [Ta(CHCMe3)L,Cl1],(u-*N,).

(b) The IR spectrum of a mixture of [Ta(CHCMe;)LoCl]y(u-14N,)
and [Ta(CHCMe;)L,Cl]y(u-1¥Ny) (L = PMey).
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Figure 3. A drawing of the structure of [Ta(CHCMe;)L,-
(CH,CMej)15(u-Ny)?2 (L = PMe;).

dinitrogen (1 atm), the dinitrogen complex, [Ta-
(CHCMe;)(PMe;),Cl]5(u-Ny), precipitates as a yellow
powder in 50-60% yield. IR and NMR studies suggest
that this molecule contains an imido-like dinitrogen ligand
bridging two tantalum centers.

The N-labeled complex can be prepared straightfor-
wardly by stirring a solution of Ta(CHCMe,)(PMe;),Cl
under *N,. The IR spectrum of the 1N, derivative differs
from that of the N, derivative in only one respect. A
medium strength peak at 847 cm™! is shifted to 820 cm™
in the IR spectrum of the 1N, derivative (Figure 2). Since
this molecule is not centrosymmetric (see later), we do not
know if this band is due to an N-N stretching mode, Ta—N
stretching mode, or, most likely, a mode characteristic of
the entire Ta,N, linkage. The N NMR spectrum of
[Ta(CHCMey)(PMe;),Cl],(u-N,) consists of a sharp singlet
at 414 ppm (relative to liquid NHj).

The presence of a u-N, ligand is further confirmed by
the reaction of [Ta(CHCMez}(PMe;),Cl]4(u-Ny) with HCl
to give NoH-2HCI quantitatively and with acetone to give
Me,C=N—N=CMe, (dimethylketazine). This type of
reactivity is characteristic of imido complexes such as
Ta(NR)(THF),Cl;! and suggests further that the u-N,
ligand is imido-like, i.e., that the Tay(u-N,) linkage is best
described as Ta=N—N==Ta. Since attempts to prepare
X-ray quality crystals of [Ta(CHCMes) (PMe;),Cl],(u-Ny)
were unsuccessful, we prepared methyl and neopentyl
derivatives, [Ta(CHCMe;)(PMey)oR]o(u-Njy). A crystal
structure of the neopentyl derivative has been reported?
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Figure 4. A drawing of the proposed structure of [Ta-
(CoH,)LsCllo(u-No) (L = PMey).

and is shown schematically in Figure 3. The tantalum-
nitrogen bond length of 1.84 A is close to that found in
tantalum(V) imido complexes (e.g., 1.765 A in Ta-
(NPh)(THF)(PEt;)Cl;1%. The N(1)-N(2) distance of
1.298 A is the longest yet observed in a simple bridging
dinitrogen complex and represents a substantial reduction
in bond order from that observed in free N, (N:N = 1.0976
A). One could argue convincingly that the u-N, ligand is
structurally more like an imido ligand (i.e., Ta=N—N=
Ta) than in any other simple u-N, complex which has been
structurally characterized.!

Formation of [Ta(C,H,)(PMe;);X]5(u-N,). Reduction
of Ta(CyH,)(PMe,), X, under dinitrogen in the presence
of excess PMe, gives orange microcrystals of [Ta(C,H,)-
(PMeg);X]o(u-No) (X = Cl or Br). These complexes also
can be prepared by exposing Ta(C,H,)(PMey) X to di-
nitrogen; in this way the analogous °N, complexes can be
prepared. The presence of dinitrogen is suggested by the
shift of a peak at 825 cm™ in the IR spectrum of the N,
derivative to 793 cm™ in the 15N, derivative (X = Cl) and
by a resonance at 374 ppm (downfield of liquid NH;) in
the N, spectrum (X = Cl). The presence of dinitrogen
can be demonstrated chemically by the reaction of the
chloro derivative with HCI to give NoH,.2HCI quantita-
tively and with acetone to give dimethylketazine (85%).

The structure of [Ta(C,H,)(PMey);X1a(u-Ny) is believed
to be that shown in Figure 4. At 213 K three PMe; ligands
are observed by NMR. We believe that rotation of the two
ends of the molecule is restricted by the two interlocking
L-Ta-L units analogous to the situation observed for
[Ta(CHCMe,)(PMe;),(CH,CMe;)[o(u-Ny).2 At higher
temperatures one of the three phosphines dissociates from
Ta and will exchange with any PMe; which is added. The
remaining two PMe;, ligands become equivalent but do not
exchange with added PMe;. We propose that the PMeg
ligand trans to the u-N, ligand is the labile one and that
once it dissociates the configuration about each metal can
become tetragonal pyramidal. The two ends can then
rotate relative to one another and thereby equilibrate the
two trans PMe; ligands. Consistent with this proposal is
the fact that two signals for ethylene carbon atoms are
found at low temperature. These two signals coalesce to
one at temperatures where the PMe; ligand trans to the
u-N, ligand is lost.

[Ta(C,H,)(PMej3)sX]o(u-N;) should be structurally
analogous to Ta(NR)(C,H,)(PMe;);X.! In the imido
complex, however, only two types of PMe; ligands are
found at low temperatures, even though the same type of
temperature-dependent NMR behavior (exchange of the
unique PMe, ligand with added PMej) is observed.

Since a PMe; ligand must be lost to form the u-N,
complexes we have described so far, and since dmpe is
comparatively tightly bound, we would expect Ta-

(10) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1982, 21, 223.

(11) (a) McGlinchey, M. J.; Stone, F. G. A. J. Chem. Soc. Chem.
Commun. 1970, 1265. (b) Cenini, S.; LaMonica, G. Inorg. Chim. Acta
1976, 18, 279.

(12) (a) Fellmann, J. D.; Rupprecht, G. A.; Wood, C. D.; Schrock, R.
R. J. Am. Chem. Soc. 1978, 100, 5964. (b) Churchill, M. R.; Youngs, W.
J. Inorg. Chem. 1979, 18, 1930. (c) Fellmann, J. D.; Schrock, R. R,;
Rupprecht, G. A. J. Am. Chem. Soc. 1981, 103, 5752. (d) Rocklage, S.;
Schrock, R. R., unpublished results.

(13) Schrock, R. R. Acc. Chem. Res. 1979, 12, 98,
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(C,H,)(dmpe),Cl to be stable in the presence of dinitrogen.
This is the case. We previously noted that Ta-
(CHCMe;)(dmpe),Cl can be prepared in a dinitrogen at-
mosphere.! Is also shows no tendency to lose dmpe and
form a dinitrogen complex.

Attempts To Prepare [TaCl;(PMe,],(u-N,). Since we
have prepared [TaCl;(PMes),)o(1-Ny) via the “azine route™
and since one PMe, ligand could be replaced by a u-N,
ligand in the two previous cases we have discussed here,
we expected to be able to prepare [TaCls(PMeg)s]s(u-Ny)
by exposing TaCl;(PMej); to dinitrogen. Unfortunately
we have seen no evidence for [TaClg(PMes)o)s(1-Ny) in the
3IP NMR and IR spectra of the crude, solid product of
these reactions obtained by removing all volatiles in vacuo.
Under 1 atm of dinitrogen the predominant result is largely
formation of [TaClz(PMej)s]s; a solution of [TaCl-
(PMes),], is stable in a dinitrogen atmosphere indefinitely.
In theory we should be able to prepare the u-N,; complex
by removing the labile PMe; ligand and/or adding di-
nitrogen at high pressure. We have tried the latter (1000
psi Ny) but still see no evidence for formation of [TaCls-
(PMey)]o(u-Ny). By 3P NMR many products are formed,
some of them possibly through reaction with water or
oxygen, which at high pressures are difficult to eliminate
entirely from a small scale reaction. We have obtained
samples prepared under these conditions which analyze
for some nitrogen (up to 1%). However, we can confi-
dently say that according to IR and NMR studies this
nitrogen is not present as the dinitrogen product we sought.
We have no explanation at this time.

Discussion

The main features of this type of tantalum u-N, complex
have been discussed elsewhere.l? What we want to do here
is try to understand why u-N, complexes can be prepared
by adding dinitrogen to reduced ethylene or neo-
pentylidene complexes, but not by adding dinitrogen to
T8013L3.

The main problem with forming [TaCl,Ls]s(u-N,) from
TaCl;L; and dinitrogen is probably a kinetic one; [Ta-
ClgL,], forms too rapidly when TaClgL; loses L, and
[TaCl;L,;], does not react readily with dinitrogen. [Ta-
Cl;L,], does not react readily even with PMe; or CH,.
The structure of [TaCl;L;],® shows that the Ta~Ta bond
is only 2.721 (1) A long, the tantalum to bridging chloride
bond lengths are approximately the same as the tantalum
to terminal chloride bond lengths, and there is only 0.05-A
difference between a bridging chloride to Ta(1) distance
(2.477 A) and a bridging chloride to Ta(2) distance (2.427
A). Although steric interaction between the “axial” set of
PMe; ligands on one tantalum and the “axial” set of
chlorides on the other tantalum is severe, it is apparently
not great enough to cause the dimer to break into mo-
nomeric units readily.

The structure of [TaCl;L,], should be compared with
that for [Ta(CHCMeg)Cl;L1,.1* In [Ta(CHCMe;)Cl,L],,
in which the neopentylidene and PMe; ligands occupy
“equatorial” sites, the TaCl,Ta bridge is markedly un-
symmetric. The Ta—Cl distance to the bridging chloride
which is trans to PMej is 2.448 A while the Ta—Cl distance
to the bridging chloride which is trans to the neo-
pentylidene ligand is 2.815 A. The resulting Ta--Ta dis-
tance (4.061 A) is much too long to be called a significant
bonding interaction. It is probably for these reasons that

(14) Churchill, M. R.; Wasserman, H. J.; Turner, H. W.; Schrock, R.
R. J. Am. Chem. Soc. 1982, 104, 0000.

(15) Schultz, A. J.; Brown, R. K.; Williams, J. M.; Schrock, R. R. J.
Am. Chem. Soc. 1981, 103, 168.
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[Ta(CHCMe,)Cl,L], can be cleaved readily with L to give
Ta(CHCMe;)ClgL,.1¢  While a structural study of [Ta-
(C,H,)CL,L],” (x probably equals 2) has not been done, we
do know that [Ta(C,H,)Cl;L], is also cleaved readily by
L to give trans,mer-Ta(C,H,)Cl;L,. Therefore [Ta(C,-
H,)Cl,L), also is likely to contain an unsymmetric bridge
and long Ta--Ta distance. The common feature of these
two dimers is the “trans effect” of the neopentylidene and
ethylene ligands.

The hypothetical dimers formed by loss of L. from Ta-
(CHCMe,)L,Cl or Ta(C,H,)L,Cl would contain more re-
duced metals than the dimers mentioned immediately
above, but a lower metal oxidation state and potentially
greater tendency to form stronger Ta-Ta bonds cannot
compensate for several significant problems associated with
formation of hypothetical [Ta(CHCMe;)L4Cl], and [Ta-
(CoH)L,Cl};. We can safely assume that at least one
tantalum to bridging chloride distance would tend to be
long and the Ta-~Ta interaction therefore weak. What is
perhaps even more important is the presence of three
PMe; ligands. These would be found in a mer arrange-
ment if the neopentylidene or ethylene occupies an
equatorial site. Therefore, each axial site would be occu-
pied by a PMe; ligand, sterically a totally implausible
situation. Such a dimer would not form. A more crowded
(on one tantalum) fac arrangement of the three PMe,
ligands, and location of the ethylene or neopentylidene
ligand at an axial site, could result in a dimer having only
PMe;/neopentylidene (or ethylene) as the only axial/axial
interactions. In the balance, however, this situation is not
necessarily much more favorable sterically than that in
which the PMe; ligands are arranged in a mer fashion. The
conclusion is that the five-coordinate fragments, Ta-
{(CHCMey)L;Cl and Ta(C,H,)LsCl, will not be able to
dimerize and that dinitrogen therefore can coordinate
readily to form u-dinitrogen complexes.

One final point which may help explain why alkylidene
or olefin u-N, complexes form is that tantalum complexes
having two w-bonding ligands are common. Examples are
Ta(CHCMej),RL,,122b Ta(CHCMe;)(Co,Hy)-
{CH,CMej)L,,'%* Ta(C,H,);ClL,,'%* and Ta(NSiMe,)-
(CHCMe;)ClL,.1%d  That an imido-like u-N, complex
analogous to the latter, or a six-coordinate species con-
taining a cis ethylene and imido-like u-N, ligand, should
form readily therefore makes chemical sense.

Experimental Section

All experiments were performed either in standard Schlenk
apparatus or in a Vacuum Atmospheres HE43-2 drybox. Solvents
were rigorously purified and dried by standard techniques and
transferred into the drybox without exposure to air. Ta-
(CHCMe,)(PMey),X; (X = Cl, Br),'® Ta(C,H,)(PMe;),Cl,,”
PMe,,!” and dmpe!® were prepared by published methods. N,
(>95% ) was purchased from Merck and Co. and manipulated on
a vacuum line by using a Toepler pump. Deuterated solvents were
degassed and passed through a short column of activated alumina
immediately prior to use. The preparation of Ta(CHCMej;)-
(PMe;), X (X = Cl, Br) and Ta(C;H,)(PMe,),Cl is best accom-
plished by using solvents that have been subjected to successive
freeze—pump—thaw cycles in vacuo. Blue Ta(C,H)(THF),Cl; was
prepared by treating Ta(CHCMe;){THF),Cl,!® in THF with
ethylene (30 psi) for 1 h and removing all volatiles in vacuo.'2d

NMR spectra were run at ca. 25 °C on a JEOL FX-90Q or at
ca. 25 °C on a Bruker WM-250 spectrometer unless otherwise

(16) Rupprecht, G. A.; Messerle, L. W.; Fellmann, J. D.; Schrock, R.
R. J. Am. Chem. Soc. 1980, 102, 6236.

(17) (a) Wolfsberger, W.; Schmidbaur, H. Synth. React. Inorg.
Met.-Org. Chem. 1974, 4, 149-156. (b) Zingaro, R. A.; McGlothlin, R. E.
J. Chem. Eng. Data 1963, 8, 226-229.

(18) Parshall, G. W. J. Inorg. Nucl. Chem. 1960, 14, 291-292,
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noted. 'H and '3C spectra are referenced to tetramethylsilane
and 3P spectra are referenced to H;PO,. Coupling constants are
given in hertz. !°N spectra were run at 9.04 MHz with a pulse
delay of ~5 s and a tip angle of 45°. Chemial shifts were es-
tablished using external ['°Nlaniline and ['N]diphenylimine
standards whose chemical shifts relative to external NH; are
known. Compounds were analyzed by Schwartzkopf Microana-
lytical Laboratories using drybox techniques. We believe the
extreme lability of PMe; in Ta(CHCMe;)(PMe;),Br, Ta-
(C,H)(PMe;),Cl, and [Ta(CHCMey)(R)(PMey),)o(u-Ny) (R = Cl,
Br, CH,CMe;, CH;) prevented acceptable C and H analyses.
Similar problems have been encountered in the past.1®

Preparation of TaX;(PMeg);. A solution of PMe; (5 mL, 53
mmol) in 50 mL of ether containing 112 g (20 mmol) of 0.41%
sodium amalgam was cooled to -30 °C. Solid TaCl; (3.6 g, 10
mmol) was added, and the reaction mixture was warmed to room
temperature slowly. The color of the solution changed from green
to red. The mixture was filtered through Celite and the ether
removed from the filtrate in vacuo. The crude, red, crystalline
product was extracted with 25 mL of ether, and the solution was
filtered. Pentane (~2 mL) and PMe; (~0.1 mL) were added to
the filtrate. Cooling the solution to ~30 °C for 12 h gave 2.76 g
of irregularly shaped deep red crystals. Concentrating and cooling
the mother liquor to —30 °C gave an additional 1.26 g of pure
product; total yield 4.0 g (78%). An analytically pure sample was
obtained by repeated crystallizations from ether in the presence
of PMe;.

Anal. Caled for TaCyH,,Cl;Py: C, 20.97; H, 5.28. Found: C,
20.69; H, 5.21. 'H NMR (C¢D¢): 6 -6.21 (s, 18), 9.57 (s, 9).

TaBry(PMe;); was prepared analogously.

'H NMR (CgDy): 6 —11.52 (s, 18), 14.79 (s, 9).

The preparation of TaCls(PMeg); from Ta,Clg(THT); was
trivial (10 equiv of PMey, benzene, 60 °C, 12 h, sealed tube; ether
workup as above).

Reactions of TaClz(PMe;);. (a) With Ethylene. TaCl,-
(PMej); (0.516 g, 1.00 mmol) was dissolved in benzene (6 mL)
which contained toluene (0.276 g, 3.00 mmol) as an internal NMR
standard. This solution was pressurized with C,H, (30 psi) and
heated to 50 °C for 1.5 h. The volatiles were trapped in vacuo,
leaving 0.44 g of Ta(C,H,)Cl3(PMe;), (95% ) which was identified
by comparison of its NMR spectrum with that of an authentic
sample. The solution in the trap contained 1 equiv of PMe3/Ta
(by 'H NMR).

(b) With Molecular Hydrogen. TaCl;(PMe,), (0.52 g, 1.0
mmol) was dissolved in ether (6 mL), and the red solution was
pressurized with hydrogen (35 psi). A green solid began depositing
from solution after 1 h. After 12 h the product was isolated by
filtration; yield 0.44 g (85%). Crystals of [TaCl;(PMejs),]oH, can
be obtained from concentrated toluene solutions by adding ether
and cooling.

'H NMR (toluene-dg): 4 8.41 (m, 2, TaH,Ta), 1.70 (d, 9, Jup
= 9.8 Hz, P,,-CHy,), 1.38 (d, 18, Jyp = 9.4 Hz, P,-CH,), 1.25 (d,
9, Jyp = 9.0 Hz, P/,,-CH,). *'P{'H} NMR (toluene-dg, 101 MHz):
13.3(d, 1, Jpp = 7.3 Hz, P,,), 4.8 (s, 2, P,), —20.2 ppm (d, 1, Jpp
= 7.3 Hz, P’,;) IR (Nujol, cm™): 1260 (Ta-H-Ta).

[TaCls(PMes),1,D, was prepared analogously.

IR (Nujol, cm™): 890 (Ta-D-Ta).

Preparation of Ta(C,H,)(PMe;),Cl. Since this complex is
extremely sensitive to dinitrogen, all solvents were subjected to
three freeze-pump-thaw cycles prior to use. Ta(C,H,)(THF),Cl;
(2.29 g, 5.0 mmol) and PMe; (3 mL, 32 mmol) were stirred in THF
(75 mL) under argon. Sodium amalgam (0.41%, 56.1 g, 10.0 mmol)
was added, and the blue solution turned green. After the solution
was stirred for 2 h, the THF was removed in vacuo, ether (75 mL)
was added to the residue, and the green slurry was filtered through
Celite. The solids and Celite were washed twice with 15 mL of
ether. The ether was slowly removed from the filtrate in vacuo
to give the deep violet crystalline product; yield 2.2 g (80%).

'H NMR (toluene-dg): & 2.25 (quintet, 4, Jyp = 3.7 Hz, C;H)),
1.38 (t, 36, Jyp = 2.4 Hz, PMey). 13C{'H} NMR (toluene-dg): 33.17
(q, JCH = 146 Hz, Jcp = 2 Hz, CQH4), 20.42 ppm (t, JCH =128
Hz, Jep = 8.6 Hz, PMe;).

Preparation of Ta(C,H,)(dmpe),Cl. Dmpe (1.20 g, 8.0 mmol)
was added to blue Ta(C,H)(THF),Cl; (1.83 g, 4.0 mmol) in THF
(40 mL) under dinitrogen. Sodium amalgam (45 g, 8 mmol) was
added, and after 2 h the THF was removed in vacuo from the
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forest green reaction mixture. Ether (50 mL) was added and the
mixture filtered through Celite. The green ether solution was
concentrated in vacuo, filtered (fine), and cooled to -30 °C. After
24 h large dark green crystals were filtered off; yield 1.63 g (76%).

Anal. Caled for TaCl; HsP Cl: C, 30.87; H, 6.66. Found: C,
31.06; H, 6.81. ]'H NMR (Cst)l 8 1.77 (bl‘ m, JHP =29 HZ,
Me2PCH20H2)PMe2), 1.36 and 1.17 (bl‘ 8, M92PCH20H2PM22),
~0.69 (quint, Jyp = 2.4 Hz, C,H,). 3C{!H} NMR (CgDg): 41.81
(t, JCH = 147 HZ, CzHO, 41.10 (t, JCH =129 HZ, Jcp = 8.5 HZ,
Megpc}lchszeg), 24.85 and 22.73 ppm (q, JCH = 128 Hz, Jcp
= 5.8 Hz, Me,PCH,CH,PMe,). *'P{'H} NMR (CgDg): 17.5 ppm
(s).

Preparation of [Ta(CHCMe;)(PMe;),Cl]5(4-N;). Ta-
(CHy;CMey),Cly (2.15 g, 5 mmol) was added to a 1:1 ether/THF
solution containing sodium amalgam (56.1 g, 0.41%, 10 mmol)
and PMe; (1.4 g, 17.5 mmol). The reaction mixture was stirred
for 2 h, filtered through a Celite pad, and evaporated to dryness.
The brown oily residue was washed with cold pentane (20 mL),
leaving a yellow solid. The crude yellow product was recrystallized
from ether; yield 0.93 g (45%).

IH NMR (CgDg): 6 8.79 (br s, 1, CHCMey), 1.32 (t, 18, ZJyp
= 3.5 Hz, PMes), 1.29 (s, 9, CHCMe,). *C NMR (CgDg, 15 MHz):
274.5 (d, Jou = 91 Hz, CHCMey), 46.6 (s, CHCMey), 35.0 (q, Jeou
= 125 Hz, CHCMey), 15.2 ppm (q, Joy = 129 Hz, Jcp = 12 Hz,
PMe,). 3P{'H} NMR (toluene-dg): -11.2 ppm (s). Spectrum
unchanged to =70 °C. IR (Nujol, cm™): 2590 (m, CH,), 847 (s,
TagNg).

Preparation of [Ta(CHCMe,)(PMe;),Cl](1-*N,). N, (1.82
mmol) was added to Ta(CHCMey) (PMe;),Cl (1.0 g, 1.70 mmol)
in pentane (20 mL) by using a Toepler pump, and the solution
was stirred for 12 h. The labeled dinitrogen complex was isolated
by filtration and recrystallized from ether; yield 0.37 g (48%).

15N NMR (THF, 9.04 MHz, ppm): 414 (s). IR (Nujol, cm™):
820 (TagNg).

Preparation of [Ta(CHCMe;)(CH,CMe;)(PMe;),]o(1-No).
LiCH,CMe; (0.05 g, 0.57 mmol) was dissolved in ether (3 mL)
and added dropwise to an ether solution (20 mL) of [Ta-
(CHCMe,)(PMey),Cl],N, (0.26 g, 0.28 mmol) at —30 °C. The
reaction mixture was warmed to room temperature, stirred for
1 h, filtered through a Celite pad, and evaporated to dryness. The
crude orange product was recrystallized from pentane; yield 0.20
g (74%).

Anal. Caled for Ta,C3H7gP, Ny C, 39.35; H, 8.05; N, 2.87.
Found: C, 37.49; H, 7.53; N, 2.52. 'H NMR (C¢Dg): 6 6.22 (br
8, 1, CHCMe,), 1.37 (s, 9, CH,CMe,), 1.35 (t, 18, 2Jyp = 2.9 Hz,
PMe,), 1.28 (s, 9, CHCMe;), 0.63 (t, 2, 2Jyp = 16.6 Hz, CH,CMe,).
13C NMR (C¢Dg): 270.5 (d, Joy = 88 Hz, Jep = 6.6 Hz, CHCMey),
71.5 (t, Joy = 108 Hz, CH,CMey), 47.7 (s, CHCMey), 38.2 (q, Jcu
= 123 Hz, CH,CMej,), 35.9 (s, CH,CMey), 35.2 (q, Joy = 124 Hz,
CHCMey), 16.8 ppm (q, Joy = 127 Hz, Jop = 11 Hz, PMey). #P{H}
NMR (toluene-dg): —10.9 ppm (s).
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Preparation of [Ta(CHCMe;)(CHy)(PMes),)o(4-Ny). LiCH,
(1 mL, 1.7 M, 1.7 mmol) was added dropwise to [Ta-
(CHCMe,)(PMej),Cl],N, (0.8 g, 0.86 mmol) in ether (30 mL) at
-30 °C. The reaction mixture was warmed to room temperature,
stirred for 1 h, filtered through a Celite pad, and evaporated to
dryness. The crude orange product was recrystallized from
pentane; yield 0.72 g (34%).

'H NMR (CgDg): 8 2.21 (s, 9, CHCMey), 2.20 (t, 18, Jyp = 12
Hz, PMey), 0.79 (t, 3, Jyp = 13.7 Hz, CHy). 3C NMR (CgDg): 2694
(d, Jcu = 90 Hz, CHCMey), 47.1 (s, CHCMey), 35.3 (q, Jcy = 123
Hz, CHCMe,), 27.2 (q, Jog = 113 Hz, CHy), 15.6 ppm (q, Jog =
129 HZ, Jcp =117 HZ, PMe3).

Preparation of [Ta(C,H,)(PMe;);Cl]5(s-N,y). Ta(C,H,)-
(PMe;),Cl; (2.0 g, 4.3 mmol) was added to a 1:1 ether/THF
solution (50 mL) containing sodium amalgam (0.41%, 48.2 g, 8.6
mmol) and PMe; (0.8 mL, 8.6 mmol). After 2 h the red mixture
was filtered through Celite. The solvent was removed from the
filtrate in vacuo, leaving a red-brown solid which was extracted
with ether (50 mL). The solution was filtered, and the filtrate
was concentrated until the product began to crystallize. The
solution was then cooled to -30 °C for 12 h. The orange product
can be isolated as a powder. The mother liquor was concentrated
in vacuo and cooled to —30 °C to give an additional crop; total
yield 1.21 g (60%).

'H NMR (toluene-dg, 270 MHz, 60 °C): 6 1.35 (t, 18, 2Jyp =
3.0, PMe,(A)), 0.70 (d, 9, 2Jyp = 3.9, PMe;(B)), 0.43 (br, 4, C;H)).
IH NMR (toluene-dg, 270 MHz, -60 °C): 6 1.50 (br, 9, PMes(A)),
1.23 (br, 9, PMey(A")), 0.75 (br, 4, C,H,), 0.52 (d, 9, 2Jyp = 4.7
Hz, PMey(B)). °C NMR (toluene-dg, 22.5 MHz, 30 °C): 30.27
(t, JCH =144 HZ, 2Jcp ~6 HZ, CQHO, 16.53 (q, JCH =126 HZ, JCP
= 9.8 Hz, PMe;(A)), 14.56 ppm (q, Jcy = 127 Hz, Jop = 10.7 Hz,
PMe;y(B)). °C{H} NMR (-30 °C): 29.48 (m, CH,CHy,), 29.03 (m,
CH,CH,), 16.21 (br t, PMe3(A)), 13.89 ppm (br s, PMey(B)).
31P{IH} NMR (toluene-dg, 36.2 Hz, 60 °C): —14 (s, 2, PMes(A)),
-46.4 ppm (br s, 1, PMe;(B)). *'P{'H} NMR (-70 °C): -14.3 (d,
Jp,pp = 10.2 Hz, PMe;(A)), -45 ppm (t, Jp,p, = 10.2 Hz ,
PMey(B)). IR (Nujol, cm™): 825 (Ta,N,).

Reactions To Give N;H,2HC] and Dimethylketazine.
Details concerning these reactions can be found in an earlier
paper.}
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Synthesis, Characterization, and Solid-State Structural
Determination of Tris(2,4-dimethylpentadienyl)neodymium,
Nd(2,4-C;H,,),

Richard D. Ernst* and Teddy H. Cymbaluk
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112
Received September 25, 1981

The highly ionic compound Nd(2,4-C;Hj,); has been synthesized and characterized by elemental analysis,
infrared, NMR, and electronic spectroscopy, magnetic susceptibility, and a single-crystal X-ray diffraction
study (R = 0.088, R,, = 0.125). The space group is C}:—P1 (No. 2), with unit cell parameters a = 12.793
(MA b=13.012(4) A, c =8.419 (5) A, « =91.42 (4)°, 8 = 107.29 (4)° and v = 118.90 (4)°. The complex
possesses idealized Cy, symmetry with average Nd—C(1,5), Nd~-C(2,4), and Nd-C(3) bond distances of 2.801
(9), 2.855 (8), and 2.749 (10) A, respectively. These distances reflect the expected relative charge densities
for the various carbon atoms and indicate predominately ionic bonding. The 2,4-dimethylpentadieny! ligands
are nearly planar, with the carbon atoms in the 2- and 4-positions bent out of the plane in a direction away
from the Nd(III) ion, and the carbon atoms in the 1-, 3-, and 5-positions bent in a direction toward the
Nd(III) ion. Two different sets of delocalized C-C bond distances are observed, averaging 1.373 (12) and
1.421 (12) A, attributable to a resonance hybrid in which negative charge is localized on the carbon atom
in the 3-position. The bonding within the complex is discussed and compared to other organolanthanide

and organoactinide structures.

Introduction

The chemistry of the lanthanide metals is generally
dominated by the highly ionic trivalent oxidation state.!
Indeed, even organometallic compounds of the trivalent
lanthanide(III) ions are nearly completely ionic, as was
readily surmised in the early studies on the Ln(C;Hj;);,
Ln(CsHs)z-, and [Ln(CSHs)Cl(THF)Q]z (Ln = lanthanide
metal ion) compounds,?* as well as in the many studies
which have followed. Perhaps most notable of the at-
tempts to bring about more unusual bonding patterns in
organolanthanide chemistry have been the metal atom
studies of Evans and co-workers involving the coconden-
sation of lanthanide metals with unsaturated organic
substrates such as butadienes or acetylenes.” Unfortu-
nately, however, no structural data have yet appeared
concerning these unusual compounds, which do not seem
to involve trivalent lanthanide ions.

One possible means by which one could gauge the extent
of interaction between a trivalent lanthanide ion and a
formally neutral carbon atom would be to employ a pen-
tadienyl anion as a ligand. Such an anion exists in three
resonance forms as indicated below (Ia—c) in which the

SRR
Ia Ib Ie

anionic charge is localized in the 1-, 3-, and 5-positions,
leaving the 2,4-positions uncharged. Since the 3-position
is known to possess more anionic character than the 1,5-
positions® it might be expected that in some circumstances

(1) (a) Marks, T. J.; Ernst, R. D. In “Comprehensive Organometallic
Chemistry”; Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon
Press: Oxford, in press. (b) Marks, T. J. Prog. Inorg. Chem. 1979, 25,
224-333. (c) Raymond, K. N.; Eigenbrot, C. W, Jr. Acc. Chem. Res. 1980,
13, 276.

(2) Birmingham, J. M.; Wilkinson, G. J. Am. Chem. Soc. 1956, 78, 42.

(3) Mares, F.; Hodgson, K. O.; Mares, D. F.; Streitwieser, A., Jr. J.
Organomet. Chem. 1971, 28, C24.

(4) Hodgson, K. O.; Mares, F.; Starks, D. F.; Streitwieser, A., Jr. J. Am.
Chem. Soc. 1978, 95, 8650.

(5) (a) Evans, W. J.; Engerer, S. C.; Nevill, A. C. J. Am. Chem. Soc.
1978, 100, 331. (b) Evans, W. J.; Engerer, S. C.; Piliero, P. A.; Wayda,
A. L. J. Chem. Soc., Chem. Commun. 1979, 1007.

(6) Bates, R. B.; Gosselink, D. W.; Kaczynski, J. A. Tetrahedron. Lett.
1967’ 199 and references therein.
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a lanthanide(III) metal ion could engage in bonding in-
teractions between all three charged carbon atoms of a
planar pentadienyl ligand and hence also be brought into
the proximity of the uncharged carbon atoms at positions
2 and 4, thereby allowing for the first time a close struc-
tural examination of the interaction between a trivalent
lanthanide ion and a neutral carbon atom. Above and
beyond this consideration, the synthetic and structural
results presented herein could also be of some bearing on
the anionically induced polymerization of olefins or poly-
enes, as well as serving to introduce a more versatile ligand
(by reason of possible n°—*~n! or other isomerizations) into
the field of organolanthanide chemistry. We report herein
our observations on the chemical and structural nature of
tris(2,4-dimethylpentadienyl)neodymium.

Experimental Section

All operations involving organometallics were carried out under
an atmosphere of prepurified nitrogen in Schlenk apparatus or
in a glovebox. Nonaqueous solvents were throughly dried and
deoxygenated in a manner appropriate to each and were distilled
under nitrogen immediately prior to use. Carbon and hydrogen
analyses were obtained from Bernhardt Laboratories, Neodymium
was analyzed by an indirect EDTA titration.* Commerically
anhydrous neodymium trichloride was freed of final traces of water
by reflux with thionyl chloride. 2,4-Dimethyl-1,3-pentadiene was
obtained from Chemical Samples Co., and converted to the po-
tassium salt of the 2,4-dimethylpentadienyl anion by a reported
procedure.’

Spectroscopic Studies. Infrared spectra were recorded on
a Perkin-Elmer Model 298 spectrophotometer. Mulls were pre-
pared in a glovebox with dry, degassed Nujol. All infrared spectra
were calibrated with polystyrene. Proton NMR spectra were
obtained with Varian FT-80 and SC-300 spectrophotometers using
C¢Dg as solvent and C¢D;H as internal standard. Electronic
spectra were recorded on a Cary-14 spectrophotometer. Solutions
were prepared from weighed samples in Schlenk apparatus by
the addition of known volumes of solvent (THF) under a nitrogen
atmosphere, after which they were transferred to one of a set of
matched quartz cells under nitrogen. A conservative estimate
of the error in reported extinction coefficients is £10%. Magnetic
susceptibility measurements were obtained by the Evans method,?
and corrected for diamagnetism.

(7) Yasuda, H; Ohnuma, Y.; Yamauchi, M.; Tani, H.; Nakamura, A.
Bull. Chem. Soc. Jpn. 1979, 52, 2036.
(8) Evans, D. F. J. Chem. Soc, 1959, 2003.
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Synthesis of Tris(2,4-dimethylpentadienyl)neodymium

Tris(2,4-dimethylpentadienyl)neodymium, Nd(2,4-C;H,),.
To a magnetically stirred slurry of 2.00 g (7.98 mmol) of anhydrous
neodymium trichloride in 20 mL THF (THF = tetrahydrofuran)
under nitrogen at —78 °C was added dropwise a solution of 3.22
g (23.98 mmol) of K*(2,4-C;H;;) in ca. 30 mL of THF. After the
addition was completed, the mixture was allowed to slowly warm
to room temperature, by which time a bright, fluorescent green
solution was obtained. After being stirred for an additional 24
h, the solution was filtered from remaining metal chlorides and
the solvent was removed in vacuo. The product was then extracted
into 50 mL of a 5% THF solution in toluene. After a second
filtration, the solvent was removed in vacuo and the compound
was isolated by recrystallization from a saturated THF or diethyl
ether solution by cooling to —78 °C, leading to a bright green (red
by transmittance) crystalline or microcrystalline product. The
product so obtained is highly sensitive to air and water and is
soluble in most organic solvents.

Anal. Caled for CyyHgNd: C, 58.69; H, 7.74; Nd, 33.56. Found:
C, 55.56; H, 7.36; Nd, 33.20.

Complete infrared data (Nujol mull): 3061 (m), 1579 (w, sh),
1560 (m), 1546 (m) 1530 (br, sh), 1508 (w, sh), 1488 (m,sh), 1269
(m), 1226 (w), 1068 (mw), 1038 (mw), 1027 (mw), 989 (w), 888 (w),
814 (ms), 770 (s), 692 (m), 647 (m) cm™.

'H NMR (CgHg): 8 20.6 (2 H), 8.5 (1 H), -1.7 (6 H), —29.8 (2
H).

X-ray Diffraction Study of Tris(2,4-dimethyl-
pentadienyl)neodymium. Relatively well-formed single crystals
could be obtained by slow cooling (1-2 days) of a concentrated
solution of the compound in ether to —78 °C. These crystals
unfortunately contained solvent ether in the lattice, and as a result
the crystals very rapidly deteriorated when removed from the
supernatant. Attempts were made to crystallize this compound
(or an orange holmium analogue) from less volatile solvents;
however, the crystals obtained either possessed very large unit
cells or were twinned. Therefore, the ether-containing crystals
were chosen for data collection. Many attempts to load these
crystals failed due to the loss of ether from the lattice. Eventually,
several crystals were loaded successfully by bubbling prepurified
nitrogen through diethyl ether prior to its reaching the Schlenk
tubes containing the single crystals and the capillaries. The
crystals were then sealed under the ether saturated atmosphere
in glass capillaries. It was found that rather large crystals had
to be employed to reduce solvent loss to an acceptable level. The
few crystals so loaded tended to have an effective lifetime of ca.
3 weeks. Because of the relatively short lifetimes of these crystals,
standard P1 software programs were used to determine the unit
cell data. In each case, a primitive triclinic unit cell could be
chosen with a volume close to that expected for two molecules
of the compound. A careful examination of the reduced unit cell
parameters indicated that this cell was nearly related to a larger
orthorhombic cell, or to three corresponding monoclinic cells.
However, in each case, and for each crystal, the unit cell angles
were far enough from 90° (a minimum of 10-15 standard devi-
ations) to allow the conclusion that the unit cell was really triclinic.
Accurate cell constants and their standard deviations were derived
from a least-squares refinement of 15 centered reflections for which
25° < 26 < 35°, using the Mo Ka peak at 0.710730 A. The unit
cell parameters are a = 8.419 (5) A, b = 12,793 (7) A, ¢ = 13.012
4) A, a=61.10 (4), 3 =91.42 (4), vy = 7271 (4)°, V = 1143 (1)
A8, and Z =22°

The data crystal displayed acceptable mosaicity for the §-26
scan technique. The Syntex PI autodiffractometer was equipped
with a scintillation counter and a pulse height analyzer. Mo K&
radiation was monochromatized by using the 002 face of mosaic
graphite. Scans were from 1.4° below the Mo Ko, peak to 1.1°
above the MoKa, peak at a rate of 4°/min (2.4°/min for the
second shell) in order to minimize the effects of decomposition.
A collimator with a diameter of 1.5 mm was used as the crystal
edges varied from ca. 0.6 to 1.1 mm. Data were collected in two
concentric shells of 26, 0-40° and 40-50° with background time
equalling 50% of the total scan time for the first shell and 75%
for the second shell. The intensities of five standard reflections

(9) The standard cell is a = 12,793 (7) A, b = 13.012 (4) A, ¢ = 8.419
(5) A, @ = 91.42 (4)°, § = 107.29 (4)°, and v = 118.90 (4)°._To convert
from the given cell to the standard cell the matrix is 001/100/010.
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were monitored for every 95 reflections and showed on the average
a total decrease of 10%, for which a correction was applied. A
total of 4326 reflections were processed, yielding 3273 unique
reflections which had intensities deemed above background (/
> 3a(I)). These were utilized in subsequent calculations. The
function minimized was 3 w(|F,| - |F})?, with empirical weights
assigned by the method of Cruikshank.!® The atomic scattering
factors were taken from a recent tabulation, as were the anomalous
dispersion terms for neodymium.!! Calculations were undertaken
by using the X-RAY 70 programs as well as a modified version of
the Ibers program AGNOST for absorption correction.!2

a Patterson synthesis. After refinement of its location, all 21
carbon atoms of the 2,4-dimethylpentadienyl ligands were located
on a difference Fourier map. Least-squares refinement then led
to an anisotropic agreement index (R = X_|F | - |F|/X F,) of 0.13
and a weighted index (Rw = (Cw(F,| ~ |F)?/ S wF,2)Y?) of 0.16.
At this point an absorption correction was applied (u(Mo Kea)
= 22.90 em™ with the range of transmission coefficients being
0.207-0.465) for the unfortunately highly irregularly shaped
crystal. Further refinement than led to convergence at R = 0.096
and R, = 0.132. At this point, a number of highly disordered
carbon (or oxygen) atom positions were becoming evident around
the center of symmetry located at (0, 0.5, 0.5). At the nine highest
locations were placed carbon atoms with occupancy factors of 0.25.
In addition, despite 4326 reflections were processed, yielding 3273
unique reflections which high agreement indices, most of the
hydrogen atoms of the 2,4-dimethylpentadienyl ligands could be
located, and all were ultimately included in idealized locations
(C-H = 0.95 A) with an isotropic thermal parameter equal to 1.0
plus the equivalent isotropic thermal parameter of the carbon
atom to which they were attached. Further refinement then led
to final convergence at R = 0.088 and R, = 0.125. An examination
of the relative values of F, and F, revealed a clearly systematic
variation as a function of Miller indices, which probably arose
primarily from the irregular and therefore not well-modeled crystal
shape. It appeared that an empirical correction could probably
have been applied to reduce substantially the agreement indices.
However, it was felt that the otherwise appealing result of lowered
agreement indices was far outweighed by the danger of inaccu-
rately biasing the data and hence the resulting conclusions to be
made. Further, it was readily noted that most of the comparisons
we desired to make could now be made on a statistically sound
basis (differences > 3¢) and so no further attempts were made
to modify the structural result. A final difference Fourier map
revealed no peaks away from the neodymium atom greater than
0.94 e/A® (This peak may have been solvent related). The
standard deviation for the map was 0.20 e/A%. The final positional
and thermal parameters obtained from the last cycle of least-
squares refinement are presented in Table I, along with their
estimated standard deviations. The positional and thermal pa-
rameters of the disordered ether atoms and the hydrogen atoms
of the 2,4-dimethylpentadienyl ligands are available as supple-
mentary material (Table II). The final values of 10F, and 10F,
in electrons are also available as supplementary material. Re-
flections for which the measured intensity was less than zero were
assigned zero values of F,. Other than those mentioned later,
intermolecular contacts are normal.

Results and Discussion
The reaction of anhydrous neodymium trichloride with
3 equiv of the potassium salt of the 2,4-dimethyl-
pentadienyl anion (eq 1) leads to the formation of a bright

NdCl; + 3K(2,4-C;H,;) —— Nd(2,4-C;H,,); + 3KCl
(1)

(10) (a) Cruikshank, D. W. J. In “Crystallographic Computing”;
Ahmed, F. R., Ed.; Munksgaard: Copenhagen, 1970; pp 187-196. (b) The
function apPIied in this case was w = (80.0 + |F,| = 0.08|/F,)° +
0.0005|F,[)1.

(11) Cromer, D. T.; Waber, J. T. In “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Tables 2.2A and 2.3.1.

(12) (a) Stewart, J. A.; Kundell, F. A.; Baldwin, J. C. “The X-Ray
System of Crystallographic Programs”; Computer Science Center, Univ-
ersity of Maryland: College Park, MD, 1970. (b) Ernst, R. D.; Marks,
T. J.; Ibers, J. A. J. Am. Chem. Soc. 1977, 99, 2090.
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Positional and Thermal Parameters for the Principle Atoms of Nd(2,4-C H, ),

Table 1.
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623
~0.00266 (5)

~0.0129 (24)
~0.0023 (17)
-0.0023 (12)
-0.0007 (12)
~0.0037 (15)
~0.0084 (24)
~0.0079 (23)
-0.0021 (13)
~0.0057 (15)
~0.0035 (13)
~0.0055 (14)
~0.0075 (17)
-0.0072 (19)
~0.0063 (21)
~0.0060 (16)
~0.0025 (13)
~0.0038 (13)
~0.0060 (15)
~0.0050 (15)
~0.0009 (16)
~0.0042 (19)

613
~0.00047 (6)
-0.0073 (24)

0.0000 (17)
-0.0042 (16)
~0.0005 (17)

0.0049 (20)

0.0033 (22)

0.0029 (30)

0.0015 (22)
~0.0007 (21)
~0.0004 (16)

0.0009 (15)

0.0011 (16)

0.0003 (27)

0.0055 (24)

0.0076 (19)

0.0008 (16)

0.0008 (15)
~0.0001 (15)
~0.0043 (20)

0.0026 (24)
~0.0066 (23)

B2

~0.00274 (7)

0.0011 (26)
~0.0035 (20)
~0.0008 (17)
~0.0045 (18)
~0.0050 (21)
~0.0046 (25)
~0.0093 (29)
~0.0069 (22)
~0.0041 (21)
~0.0045 (17)
~0.0030 (18)
~0.0030 (20)
~0.0108 (28)
~0.0069 (29)
~0.0013 (20)
~0.0045 (18)
~0.0012 (18)
~0.0046 (19)
~0.0084 (22)
-0.0106 (28)
~0.0017 (22)

B33
0.00559 (6)
0.0149 (25)
0.0102 (18)
0.0072 (14)
0.0071 (14)
0.0090 (17)
0.0144 (25)
0.0172 (29)
0.0089 (17)
0.0106 (18)
0.0086 (15)
0.0079 (14)
0.0087 (16)
0.0139 (24)
0.0109 (21)
0.0093 (16)
0.0073 (14)
0.0062 (13)
0.0069 (13)
0.0097 (17)
0.0092 (19)

ﬁll
0.00711 (7)
0.0178 (29)
0.0152 (26)
0.0062 (14)
0.0077 (16)
0.0098 (18)
0.0195 (33)
0.0121 (24)
0.0066 (16)
0.0077 (16)
0.0084 (16)
0.0113 (19)
0.0165 (25)
0.0111 (22)
0.0174 (30)
0.0125 (21)
0.0093 (17)
0.0102 (18)
0.0143 (22)
0.0113 (19)
0.0110 (22)
0.0111 (22)

Bll
0.01126 (11)
0.0199 (37)
0.0095 (25)
0.0187 (31)
0.0182 (31)
0.0200 (34)
0.0123 (30)
0.0281 (50)
0.0291 (44)
0.0253 (39)
0.0142 (26)
0.0139 (26)
0.0120 (26)
0.0315 (50)
0.0216 (40)
0.0173 (31)
0.0159 (29)
0.0157 (28)
0.0129 (26)
0.0227 (36)
0.0302 (50)
0.0164 (34)

0.17418 (7)
0.3524 (21)
0.2959 (19)
0.2830 (15)
0.3295 (15)
0.3822 (17)
0.2482 (22)
0.3079 (25)
0.1129 (17)
0.2366 (18)
0.3075 (15)
0.2776 (15)
0.1670 (16)
0.2997 (21)
0.3865 (21)

—~0.0073 (17)

~0.0670 (15)

—0.0688 (14)

~0.0286 (15)
0.0426 (17)

-0.1386 (19)

~0.0647 (22)

0.15377 (8)
0.0391 (23)
~0.0342 (21)
~0.0957 (15)
~0.1134 (16)
~0.0537 (18)
~0.0491 (25)
~0.2024 (22)
0.4002 (16)
0.3394 (17)
0.2658 (16)
0.2587 (17)
0.3040 (21)
0.3424 (20)
0.1883 (25)
0.1590 (19)
0.2721 (17)
0.2889 (17)
0.2011 (19)
0.0691 (18)
0.3936 (21)
0.2553 (21)

0.30082 (9)
0.5941 (26)
0.6351 (21)
0.5303 (22)
0.3848 (23)
0.2928 (24)
0.7930 (24)
0.3233 (32)
0.2840 (28)
0.3086 (26)
0.2120 (20)
0.0512 (21)

~0.0315 (21)
0.4505 (31)

~0.0215 (29)
0.4798 (23)
0.3461 (22)
0.1686 (21)
0.0863 (20)
0.1676 (25)
0.3784 (31)

~0.1055 (25)

atom
Nd
CA(1)
CA(2)
CA(3)
CA(4)
CA(5)
CA(6)
CA(T)
CB(1)
CB(2)
CB(3)
CB(4)
CB(5)
CB(6)
CB(7)
CC(1)
CC(2)
CC(3)
CC(4)
CC(5)
CC(6)
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Table III. Electronic Spectral Data for Nd(2,4-C,H,,),

A, hm € A, nm €
532 37 753 26
541 33 770 11
597 41 797 5.6
606 125 813 28
610 131 819 12
620 21 828 14
628 10 841 4.6
688 2.6 887 5.1
696 1.5

0.0149 (25)

()

green, air-sensitive crystalline compound, soluble in most
organic solvents, and formulated as Nd(2,4-C;H;)3. The
infrared spectrum of the product is devoid of both C==C
bands and C—O bands due to coordinated THF and is
somewhat similar to the spectrum of Fe(2,4-C;H;;),.!?
Flame and precipitation tests demonstrated the absence
of both potassium and chlorine, while analytical data are
consistent with the above formulation. A room-tempera-
ture magnetic moment of 3.58 ug was measured in THF,
close to the free ion value of 3.68 for an f° system.!* The
proton NMR spectrum (see Experimental Section) displays
the expected pattern of four resonances having relative
intensities of 2:1:6:2. The electronic spectrum of this
compound (Table III) exhibits the general pattern ex-
pected for the NA(III) ion, although a noticeable en-
hancement of the extinction coefficients has taken place
compared to their usual values of ca. 1-10. Such features
have been also observed in a number of other organo-
lanthanide spectra.#*® Also present are bands attributable
to either ligand-metal charge transfer or ligand =—=* ex-
citations.’® Collectively the above data provides a con-
vincing case for the products formulation as Nd(2,4-C;-
H,,),, although the exact structural nature was still unclear.
The reasonable solubility of the product in noncoordina-
ting solvents suggested an unassociated structure such as
known for Sm(CyH-); (CoH; = indenyl)!” rather than an
associated structure such as in [Nd(CH,C;H,)],!® or [Sm-
(CsH;)3].°. The large size of a pentadieny! ligand would
seem consistent with this notion, and on this basis a
structural pattern based on three n°-pentadienyl ligands
was anticipated, in which the nine partially anionic carbon
atoms could be occupying sites in a similar geometric
fashion as that of the nine-coordinate tricapped trigonal
prismatic Nd(H,0)¢% ion.!#? However, other structural
patterns such as probably found in the known Ln-
(CsH;),(C3H5)?! or Ln(C;H;),(acac)?'?? complexes could
not be entirely excluded.

(13) (a) Wilson, D. R., Dilullo, A. A.; Ernst, R. D. J. Am. Chem. Soc.
1981, 102, 5928. (b) Wilson, D. R.; Ernst, R. D., manuscript in prepara-
tion.

(14) Moelier, T. In “Comprehensive Inorganic Chemistry”; Bailar, J.
C., Emeleus, H. J., Nyholm, R. S., Trotman-Dickenson, A. F., Eds,;
Pergamon Press: Ozxford, 1973; Vol. 4.

(15) (a) Karraker, D. G. Inorg. Chem. 1967, 6, 1863. (b) Ely, N. M,;
Tsutsui, M. Ibid 1975, 14, 2680. (c) Wayda, A. L.; Evans, W. J. J. Am.
Chem. Soc. 1978, 100, 7119.

(16) An absorption at 233 nm (e 32000) may be attributed to a m—n*
transition. For comparison, K*(2,4-C;H;;") also displayed this absorption
at 233 nm (¢ 12000). Some distortion of the bands may occur due to THF
interference. A charge transfer transition may be obscured by the intense
#-7* band.

(17) Atwood, J. L; Burns, J. H.; Laubereau, P. G. J. Am. Chem. Soc
1973, 95, 1830.

(18) Burns, J. H.; Baldwin, W. H.; Fink, F. H. I'norg. Chem. 1974, 13,
1916.

(19) Wong, C. H.; Lee, T.; Lee, T. Acta Crystallogr. Sect. B 1969, B25,
2580

(20) (a) Helmholz, L. J. Am. Chem. Soc. 1939, 61, 1544, (b) Fitzwater,
D. R,; Rundle, R. E. Z. Kristallogr., Kristallgeom., Kristallphys., Kris-
tallchem. 1959, 112, 362, (c) See also: Muetterties, E. L.; Wright, C. M.
Q. Rev., Chem. Soc. 1967, 21, 109.
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Table IV. Selected Bond Distances (A) and Angles (Deg) for Nd(2,4-C.H,,),

Bond Distances

Nd-CA(1) 2.800(22) Nd-CB(1) 2.808 (22)
Nd-CA(2) 2.859 (15) Nd-CB(2) 2.873 (27)
Nd-CA(3) 2.766 (15) Nd-CB(3) 2.726 (24)
Nd-CA(4) 2.836 (17) Nd-CB(4) 2.862 (21)
Nd-CA(5) 2.748 (18) Nd-CB(5) 2.839 (18)
CA(1)-CA(2) 1.420 (46) CB(1)-CB(2) 1.383 (28)
CA(2)-CA(3) 1.404 (36) CB(2)-CB(3) 1.437 (28)
CA(3)-CA(4) 1.412(27) CB(3)-CB(4) 1.441 (28)
CA(4)-CA(5) 1.351 (33) CB(4)-CB(5) 1.338 (28)
CA(2)-CA(6) 1.480 (30) CB(2)-CB(6) 1.454 (39)
CA(4)-CA(T7) 1.519 (43) CB(4)-CB(7) 1.529 (30)
Bond Angles
CMA-Nd-CMB 119.9 (3) CMA-Nd-CMC 119.8 (4)
CA(1)-CA(2)-CA(3) 122.4 (19) CB(1)-CB(2)-CB(3) 124.7 (23)
CA(2)-CA(3)-CA(4) 131.4 (22) CB(2)-CB(3)-CB(4) 132.5 (15)
CA(3)-CA(4)-CA(5) 126.7 (23) CB(3)~CB(4)-CB(5) 125.9 (17)
CA(1)-CA(2)~-CA(8) 120.6 (26) CB(1)-CB(2)-CB(6) 1174 (21)
CA(3)-CA(2)-CA(6) 117.0(27) CB(3)-CB(2)-CB(6) 117.7 (18)
CA(3)~CA(4)-CA(7) 114.3 (21) CB(3)-CB(4)-CB(7) 114.0 (17)
CA(5)~-CA(4)-CA(7) 118.9 (21) CB(5)-CB(4)-CB(7) 120.1 (20)

Nd-CC(1)
Nd-CC(2)
Nd-CC(3)
Nd-CC(4)
Nd-CC(5)
CC(1)-CC(2)
CC(2)-CC(3)
CC(3)—CC(4)
CC(4)-CC(5)
00(2) CC(6)
CC(4)-CC(7)

CMB-Nd-CMC

CC(1)-CC(2)-CC(3)
CC(2)-CC(3)-CC(4)
CC(3)-CC(4)-CC(5)
CC(1)-CC(2)-CC(6)
CC(3)-CC(2)-CC(6)
CC(3)-CC(4)-CC(7)
CC(5)-CC(4)-CC(7)
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120.4 (3)
126.1 (19)
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124.9 (16)
119.5 (19)
114.5 (15)
116.8 (16)
118.4 (20)
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CA(6)

Perspective view and numbering scheme for the
The 30% probability

Figure 1.
nonhydrogen atoms of Nd(2,4-C;H,;)s.
ellipsoids are shown.

The structural result of the X-ray diffraction study is
presented in Figure 1 and 2 and clearly confirms the ap-
parent pentahapto mode of bonding for the nearly planar
pentadienyl ligands to the Nd(III) ions. In these figures,
Nd-C bonds have only been drawn to those carbon atoms
which are formally anionic. Although no crystallographic
symmetry is imposed, the complex does nearly conform
to idealized Cy, symmetry as a result of the head-to-tail
orientations of the adjacent pentadienyl ligands. The
extent to which the ligands are actually planar may be
observed from the various least-squares planes presented
in Table V. The planes listed in the first column dem-
onstrate that the carbon atoms in the 2- and 4-positions
are located out of the planes defined by the anionic 1-, 3-,
and 5-positions by ca. 0.07 A in a direction away from the
Nd(III) ion. An alternative description (second column)

(21) (a) Tsutsui, M.; Ely, N. J. Am. Chem. Soc. 1975, 97, 3551. (b)
Coutts, R. S. P.; Wailes, P. C. J. Organomet. Chem. 1970, 25, 117.
(22) Bieland, G.; Fisher, R. D. Inorg. Chim, Acta 1979, 36, L389.

Table V. Deviations (A) of Atoms from Best Weighted
Least-Squares Planes®?

I 1 111
CA(1) 0.000* 0.017% 0.008*
CA(2) 0.027 ~0.021* 0.009*
CA(3) 0.000*  —0.086 ~0.041%
CA(4) 0.095 0.022% 0.050*
CA(5) 0.000*  —0.018*  ~0.026%
CA(6) 0.092 0.015 0.071
CA(T7) 0.217 0.088 0.144
Nd -2.280 -2.295 -2.295
v v VI
CB(1) 0.000*  —0.010%*  —0.024*
CB(2) 0.114 0.012* 0.057%
CB(3) 0.000%*  -0.132 ~0.063*%
CB(4) 0.070 ~0.012* 0.032*
CB(5) 0.000* 0.010%*  —0.003*
CB(8) 0.263 0.089 0.174
CB(7) 0.192 0.045 0.134
Nd ~2.285 ~2.308 -2.309
VII VIII IX
cC(1) 0.000% 0.008*  —0.006*
CC(2) 0.055 ~0.004* 0.026%
CC(3) 0.000%*  -0.089 ~0.042%
CC(4) 0.070 0.004* 0.035%
CC(5) 0.000%*  -0.008*  -0.012%
CC(8) 0.179 0.076 0.185
cC(7) 0.217 0.104 0.163
Nd -2.292 -2.307 -2.307

@ The displacements of those atoms which are used to
define a given plane are designated by asterisks. Equa-
tions of planes: I, 2.009x — 4.381y + 6.667z = 3.372;
IT, 2.018x — 3.874y + 7.1582 = 3.553; III, 2.067x —
4.144y + 6.853z = 3.473;1V, -2.1472z + 10.782y +
6.655z = 4.457;V, -2.299x + 10.628y + 5.865z = 4.273;
VI, -2.238x + 10.702y + 6.367z = 4.390; VII, 0.181x +
6.586y + 12.995z = 1.039; VIII, 0.047x + 6.971y +
12 978z = 1.039; IX, 0.120x = 6.722y + 12.993z = 1.026.

b Interplanar d1hedral angles (deg): I-IV, 61.59;I-VII,
59.62; IV-VII, 58.85; 11-V, 60.17; II—VII, 59.71;V—-VIII,
60.18; III-VI, 61.08; III—IX, 59.62; VI-IX, 59.35; I-II,
2.61; I-III, 1.13; II-1I1, 1.59; IV-V, 4,02; IV-VI, 1.54;
V-VI, 2.51; VII-VIII, 2.67; VII-IX, 1.00; VIII-IX, 1.68.

is that the carbon atoms in the 3-positions are bent out
of the planes formed by the 1-, 2-, 4-, and 5-carbon atom
positions by ca. 0.10 A. Finally, the third column indicates
that when the 1-, 2-, 3-, 4-, and 5-carbon atom positions
are used to define the ligand plane, the 1,5-carbon atom
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Figure 2. Perspective view of Nd(2,4-C;H;;); down the idealized
C; axis. The 40% probability ellipsoids are shown.

positions tend to lie ca. 0.01 A toward the Nd(III) ion, while
the carbon atoms in position 3 lie ca. 0.05 A toward the
Nd(III) ion, and the carbon atoms in the 2,4-positions lie
ca. 0.035 A away from the Nd(III) ion. With this last
definition, the methyl groups are bent out of the ligand
plane by an average of 3.9° away from the Nd(III) ion. In
Fe(2,4-C;H;),,'% the bend was toward the Fe atom by
6-12°. The angles between various selected ligand planes
are also contained in Table V, and it can be observed that
the interligand planar angles are reasonably close to 60°,
particularly for the second column. Alternatively one could
look at the ligands as formed in various ways by two planar
components. First, if one regards the ligand as “open
envelopes”, the fold angles between the planes formed by
the 1, 2, 4, 5 and the 2, 3, 4 positions are respectively 6.8,
13.2 and 8.6° (averaging 9.5°). Second, if one looks at the
ligands as derived from two overlapping allylic segments
defined by the 1, 2, 3 and the 3, 4, 5 positions, the various
fold angles are respectively 9.6°, 12.8, and 8.7°, averaging
10.4°. In the case it can be noted that the attached methyl
groups are bent out the allylic planes by an average of 0.05
A or 1.8° in a direction toward the Nd(III) ion. The re-
lationship of the ligand nonplanarity to the relative Nd-C
bond distances will be discussed subsequently.

The carbon-carbon bond distances within the penta-
dienyl ligands fall essentially in two sets. The first may
be considered to be the internal set formed between the
2- and the 3-positions as well as the 3- and the 4-positions,
while the external set may be defined as the bonds formed
between the 1- and 2- positions as well as the 4- and the
5-positions. It can be observed that the external C~C bond
distances average®® 1.8373 (12) A, while the internal C-C
bond distances average 1.421 (12) A, a difference of 2.8
standard deviations which may be reasonably regarded as
significant.* The origin of this difference may be readily

(23) When average values are reported or discussed, the standard
deviations of the mean are given in parenthesis.

(24) It can first be noted that all of the external C-C bonds are longer
than 1.39 A, while all but one (the most uncertain) of the internal C—-C
bonds are shorter than 1.39 A. Second, it appears that the standard
deviations of these distances may have been slightly over estimated. On
the basis of their distributions, average C—C bond distances of 1.421 (9)
and 1.373 (12) A can be derived for the internal and external C-C bonds,
respectively.
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understood by reference to the three resonance hybrids
Ia, Ib, and Ic. While hybrids Ia and Ic would seem to
shorten the internal and external C-C bond distances to
a comparable extent, a contribution of hybrid Ib will
preferentially shorten the external bonds, as is observed
here and apparently also in Fe(2,4-C;H;;),. It can be noted
that negative charge is localized somewhat more at the
3-position compared to 1,5-positions,® so that a reasonable
contribution from hydrid Ib is to be expected. The
CH,-C(2 or 4) bond distances average 1.497 (13) A. The
inner-ligand C-C—C bond angles average 125.1 (8)° around
the 2- or 4-positions, and 131.9 (10)° around the 3-posi-
tions. In comparison, for Fe(2,4-C;H,,), these angles av-
eraged 122.4 (5)° and 125.5 (3)°, respectively.!® In each
of these cases, then, the C2-C3-C4 angle is noticeably
larger than the C1-C2-C3 or the C3-C4~C5 angles. It can
be noted that in Mn3(3-CsH9)4 (3-CGH9 = 3‘CH3C5H6) jUSt
the opposite ordering is observed (ca. 126 vs. 121°).%* The
origin of the differences then seems to be the presence of
a methyl group which causes a decrease in the interior
C-C-C angle for the particular carbon atom to which it
is attached.” Finally, it can be noted that even in this
very heavy atom structure, it has been possible to locate
most of the hydrogen atoms fairly clearly, although a
relatively large degree of uncertainty must be associated
with their locations. In this regard, the hydrogen atoms
of the terminal CH, groups were found to lie more nearly
in the ligand plane than had been observed in either Fe-
(2,4-C;H,;), or Mny(3-C;Hg),. This may partly be a result
of higher ionic character and larger interior C-C-C bond
angles of the ligand in this case which tends to separate
the opposite CH, groups in the 1- and 5- positions and
reduces H-H repulsions in a planar orientation.

The nature and geometry of the metal-ligand bonding
is clearly of major interest. The ligands are fairly sym-
metrically located around the Nd(III) ion, with angles of
119.9 (3), 119.8 (4), and 120.4 (3)° being subtended by their
center of masses (defined by atoms C(1)-C(5)). The
Nd-(center of mass) distances are 2.372 (7), 2.375 (11), and
2.377 (10) A, respectively, averaging 2.375 (5) A. Perhaps
the most appropriate description of the coordination ge-
ometry is that the NA(III) ion is surrounded by nine
partially anionic carbon atoms (to which bonds have been
drawn) in a distorted tricapped trigonal prismatic array.
It can be noted that the angles between the various Nd-
C(1)-C(5) planes are nearly 120°, being 118.84° (ligands
1,2), 119.99° (ligands 1,3), and 120.57° (ligands 2,3), while
the CA(3)-Nd-CB(3), CA(3)-Nd-CC(3), and CB(3)-Nd-
CC(3) angles are 119.7 (5), 119.8 (), and 120.5 (5)°, re-
spectively. To produce a nearly symmetric tricapped
trigonal prism, the two sets of bonds should be mutually
staggered, with an angle of 60° subtended between them.
However, since each of the central carbon atoms is a part
of the same ligand as two terminal carbon atoms, the angle
between each of the Nd-C(3) vectors and the corre-
sponding Nd—C(1)-C(5) planes will be less than 60°, being

(25) Wilson, D. R,; Liu, J.-Z.; Ernst, R. D. J. Am. Chem. Soc., 1981,
104, 1120.

(26) The interior C—C—C angles in this structure are clearly larger than
those observed either Fe(2,4-C;Hy;); or Mny(3-CgHy),. While there are
13 C-C nonbonded contacts in the range 3.33 (3)-3.44 (4) A in the present
structure that might be considered as a source of this difference,?” it
appears that the ligands in the iron and manganese complexes are actu-
ally contracted in order to increase the metal-ligand and hence ligand—
ligand separations. It can also be noted for this structure that the contact
distance between a given methyl group and the nearest two carbon atoms
in the 1-, 3-, and/or 5-positions average 2.473 (10) A.

(27) (a) The van der Waals radius for carbon in 1.7 A.2” (b) Pauling,
L. “The Nature of the Chemical Bond”, 3rd ed.; Cornell University Press:
Ithaca, NY, 1960; Chapter 7.
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43.70, 43.23, and 43.36° for ligands 1, 2, and 3, respectively
(average = 43.4°). As a result, the angles between a given
Nd-C(8) vector and the Nd-C(1)-C(5) plane of the adja-
cent ligand are 75.61 (ligands 1, 2), 76.29 (ligands 1, 3),
77.21° (ligands 2, 8), respectively (average = 76.4°). Thus,
the geometry of the partially anionic carbon atoms may
be viewed as a tricapped trigonal prism in which the three
capping positions have been rotated 16.5° from their
idealized locations.

Certainly most revealing about the bonding in this
compound are the relative magnitudes of the Nd-C bond
distances. While in the case of Fe(2,4-C;H,,); the Fe-C
distances were shortest to the 2- and 4-positions, in the
present case the Nd-C distances are longest to the 2- and
4-positions, clearly indicating some profound differences
in the bonding for the two systems. At least as important
is the general indication that the somewhat flexible nature
of the pentadienyl ligands can allow some useful com-
parisons regarding the general favorability of bonding of
the various sites of the ligand. Indeed, in this case the
average Nd-C(3) distance is the shortest at 2.749 (10) A,
with the Nd-C(1,5) distances intermediate at 2.801 (9) &,
and the Nd-C(2,4) distances longest at 2.855 (8) A. The
differences in these average distances are clearly significant
statistically and precisely follow the known ordering of
relative charge density, since charge is localized somewhat
at the 3-positions and formally absent at the 2- and 4-
positions.® The relative ordering of these distances is then
clearly compatible with, and indicative of, the presence of
a high degree of ionic character in the metal-ligand
bonding. For purposes of comparison with other struc-
tures, however, a weighted average Nd-C bond distance
of 2.81 (1) A may be used. This distance is at the low end
of the range of Nd—C bond distances (2.79-2.88 (2) A) in
what may be viewed as a formally ten-coordinate [Nd(C-
H;Cs;H,);], complex.!” As a further comparison, [Nd-
(CsHg) (THF),"1[Nd(CgHjg), ] contains several sets of Nd—C
bond distances.? In the cation, the Nd—-C bond distances
averaged 2.79 (1) A, while for the anion one ring engages
in Nd-C bond distances which average 2.68 (1) A, while
the other ring (which partially bridges the cation) forms
Nd-C bond distances averaging 2.79 (1) A. Perhaps most
useful as a comparison to the present case is the structure
of the monomeric Sm(CgH,); (CoH; = indenyl) complex,’
for which the Sm—C bond distances ranged from 2.68 (1)
to 2.79 (1) A, averaging 2.75 (1) A. Taking into account
the relative sizes of nine-coordinate Nd(III) and Sm(III)
ions (1.30 vs, 1.27 A),% one would predict an approximate
nine-coordinate Nd-C bond distance of 2.78 A. Thus, the
distances observed here might seem to be a bit longer (by
ca. 0.03 A) than expected. This could well arise from the
number of intramolecular nonbonded contacts observed
on the coordination sphere and if so would seem to suggest
that the single negative charges carried by either a pen-
tadienyl or a cyclopentadienyl ligand act in otherwise ap-
proximately comparable extents in their abilities to bring
their respective five-carbon ligand in close proximity to
the ionic lanthanide metal ion.

Despite the above considerations, the nature and extent
of the interaction between the Nd(III) ion and the formally

(28) DeKock, C. W.; Ely, S. R.; Hopkins, T. E.; Brault, M. A. Inorg.
Chem. 1978, 17, 625.
(29) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751.
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uncharged carbon atoms in the 2- and 4-positions remains
very much open to question. Since these carbon atoms
have been bent out of the ligand plane in a direction away
from the Nd(III) ion, the interaction would seem to be at
least slightly repulsive at a distance of 2.85 A, although
the interaction could well be at least slightly attractive at
a somewhat longer distance, presumably through a prin-
cipally donor function for the ligand. While olefin com-
plexes of transition metals generally utilize the ligand more
as an acceptor than as a donor, complexes of Ag* tend to
utilize the ligand more as a donor.3® Such also must be
the case in the certainly at least somewhat ionic (C¢Hg)-
U(CLAIC,); complex® and presumably as well in our own
recent (C5(CHjy)5)U(2-CH,)4 7-allyl complex where U-C-
(1,3) = 2.66 (1) A and U-C(2) = 2.80 (1) A3 In this latter
actinide =-allyl one can note a difference in U-C bond
distances of 0.14 A between charged and uncharged carbon
atoms, a difference much greater than that observed in the
present study of an even more ionic complex. This all may
be ascribed to the relative differences between the allyl
and pentadienyl ligands where an allyl ligand may remain
planar and yet locate the uncharged carbon atom away
from the metal by adopting more of an ylid-like geometry,
while a nearly planar pentadienyl ligand having compa-
rable M-C(1, 3, and 5) bond distances will necessitate a
close interaction also with the carbon atoms in the 2- and
4-positions. Unfortunately, the results of the present study
do not allow a more quantitative estimate of the interaction
between the ionic lanthanide(III) ions and neutral un-
saturated carbon centers. However, it is clear that these
entities may be brought into close proximity, thus allowing
for potential transformations to occur. Conceivably, the
results of the present study could have a bearing on the
anionic polymerizaton of olefins (particularly polyolefins),®
as well as the bonding and (to date undertermined)
structures of other interesting lanthanide—olefin or
—acetylene compounds. Finally it can be noted that the
pentadieny! complexes of the lanthanides have the po-
tential for exhibiting a much higher degree of chemical
versatility than most other lanthanide systems, as isom-
erizations to %%, ', and 52 (acac-like) bonding patterns
would all seem feasible.
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(33) (a) Morton, M.; Fetters, L. J. In “Polymerization Processes”;
Schiddknecht, L. E., Skeist, I., Eds.; Wiley-Interscience: New York, 1977;
pp 251-305. (b) Watson, P. L. J. Am. Chem. Soc. 1981, 104, 337.
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Di- and Triorganotin(IV) Derivatives of (Diphenylphosphinyl)-
and (Diphenylthiophosphinyl)acetic Acid
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Seven triorganotin(IV) (diphenylphosphinyl)- and (diphenylthiophosphinyl)acetates, (CsH;).P(E)-
CHgCOgsnRg, where E=0andR = CHg, C2H5, n-C3H7, n-C4H9, C'CGHH, and CsH5 andE=SandR =
CgH;, are synthesized by the reaction of triorganotin(IV) chloride with the thallium(I) salt prepared from
thallium(I) ethoxide and the parent acid or the condensation of the corresponding triorganotin(IV) hydroxide
or bis(oxide) with the free acid in benzene to release water which is distilled azeotropically to drive the
reaction forward. Phenyl-tin cleavage accompanies the use of triphenyltin(IV) tetraphenylborate to give
the diphenyltin(IV) bis(acetate), (CgH;),Sn[O,CCH,P(0)(C¢Hj)s]o, whose dimethyltin(IV) analogue can
be obtained from the parent acid and dimethyltin(IV) oxide. The products are white solids soluble in common
organic solvents. The triphenyltin derivative loses carbon dioxide at its melting point (180183 °C). Addition
of triphenyltin(IV) chloride to the triphenyl derivative yields a 1:2 complex, [(C¢H;),P(O)CH,CO;Sn-
(CgHj)3]o(CeH5)3SnCl. Evidence from proton, phosphorus-31, and tin-119 NMR, mass, infrared, Raman,
and tin-119m Mossbauer data rules out association through the carboxylate group, leaving coordination
by the P=0 oxygen as the origin of the higher coordination at tin in the solid state. Infrared, Raman,
and Mossbauer data are interperable in terms of bent and nonplanar di- and trimethyltin groups in the
solid, indicating weak association or the presence of small oligomers in the solid. The diorganotin derivatives

are chelated, six-coordinated, trans-R,Sn octahedra in all phases.

We have recently reported the synthesis of a series of
triorganotin(IV) carboxylates in which the carboxylate
moiety contains an organophosphorus substituent.! These
salts can be prepared from triphenyl(2-carboxyethyl)-
phosphonium chloride, [(C¢H;)sP(CH,),CO,H]*Cl", and
organostannols with the release of water

R,;SnOH + [(C¢H;)sP(CH,),CO,H]*Cl" —
[R3SHO2C(CH2)2P(C6H5)3]+Cl_ + H2O (1)

or from the nucleophilic displacement of halide from or-
ganotin(IV) halides by the phosphobetaine, (CsHjg);P-
(CH,);COs,.

R3SDX + (CGH5)3P(CH2)2COQ had
[R4Sn0,C(CH,),P(CeH;)3]"X™ (2)

Double salts result from a 2:1 ratio of reactants.
2R3SHX + (CGH5)3P(CH3)2COZ -
[R3Sn0,C(CH,),P(CcH;)5] [RgSnX,]™ (3)

The structures of these potentially dual-acting biocidal
materials were discussed on the basis of the physical and
spectroscopic data in terms of a polymer chain of bridging
carboxylate groups with dangling triphenylphosphonium
cations. The phosphorus(V) chalcogenide atom would be
expected to compete with the carboxylate oxygen as the
base atom of choice for donation to tin. In this present
investigation we chose to place the P=0 function on the
a-carbon of the carboxylic acid. The resulting products
would then be analogous to the a-amino acid derivatives
which we have investigated.>® In trimethyltin(IV) gly-
cinate we have shown that amino group bridging to tin is
preferred* to the more generally known carboxylate asso-
ciation.’

In this paper we report the preparation of a series of
triorganotin(IV) (diphenylphosphinyl)acetates of the form
R;SnOC(=0)CH4(0)P(CzHj;), by two methods of syn-
thesis.

(1) Ng, S.-W.; Zuckerman, J. J., submitted for publication.

(2) Ho, B. Y. K.; Zuckerman, J. J. Inorg. Chem. 1973, 12, 1552.

(8) Hall, W. T.; Zuckerman, J. J..Inorg. Chem. 1977, 16, 1239.

(4) Ho, B. Y. K.; Molloy, K. C.; Zuckerman, J. J.; Reidinger, F.; Zu-
bieta, J. A. J. Organomet. Chem. 1980, 187, 213.

(5) Zubieta, J. A.; Zuckerman, J. J. Prog. Inorg. Chem. 1978, 24, 251.

Experimental Section
(Diphenylphosphinyl)acetic acid®® was prepared from the
sodium salt of diphenylphosphine oxide and chloroacetic acid
through a modification of a literature method (eq 4)° and the thio

<CeHs>zFlH + CCH,COH + 2Ng 228
o 0
I 1

CeMglPCHoCONG + NaCl e (CgHg),POH,COH (4)

derivative!®!! was prepared by the action of elemental sulfur on
(diphenylphosphonyl)acetic acid (eq 5).1° The starting organotin
(C¢H5),PCH,C(=0)OH + S — (C¢H;),P(=S)CH,C(=0)OH
(5)

compounds were gifts from M & T Chemicals, Inc., and di-
phenylphosphine oxide was purchased from Alfa Ventron.
Thallium(I) ethoxide was an Aldrich product. Other reagents were
also articles of commerce. Trimethyl- and triethyltin(IV) chlorides
should be handled in an efficient fume hood.

The '“mSn Méssbauer spectra were recorded on a Ranger
Engineering constant-acceleration spectrometer equipped with
a sodium iodide scintillation counter. The source was Cal®™8n0j
(New England Nuclear Corp.) and Ca!'®SnQ; was the reference
material for zero velocity at room temperature. The velocity
calibration was based on $-tin and iron foils. The Ranger En-
gineering variable-temperature liquid-nitrogen Dewar and con-
troller used in these studies were regulated by a variable-bridge,
silicon-controlled-rectifier cricuit, and the temperature was kept
at 77 K for the measurements. The data were stored in 512
channels of the Tracor Northern Model TN-1314 multichannel
analyzer and the resultant spectra fitted assuming a Lorentzian
line shape.

Infrared spectra were recorded on a Beckman 4250 spectrometer
as Nujol mulls on KBr disks, and the spectra were calibrated with
polystyrene. Raman spectra were recorded on a Spex Ramalog
5 laser instrument. Mass spectra were recorded on a Hewlett-
Packard 5985B GC/MS system at 70 eV. Proton NMR spectra

(6) Tsvetkov, E. N.; Malevannaya, R. A.; Kabachnik, M. L. J. Gen.
Chem. USSR (Engl. Transl.) 1967, 37, 652.

(7) Issleib, K.; Thomas, G. Chem. Ber. 1961, 94, 2244.

(8) Richard, J. J.; Banks, C. V. J. Org. Chem. 1963, 28, 123.

(9) Seyferth, D.; Welch, D. E.; Heeren, 1. K. J. Am. Chem. Soc. 1964,
86, 1100.

(10) Issleib, K.; Thomas, G. Chem. Ber. 1960, 93, 803.

(11) Malevannaya, R. A.; Tsvetkov, E. N.; Kabachnik, M. L. J. Gen.
Chem. USSR (Engl. Transl.) 1971, 41, 1423.
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Table I. Di- and Triorganotin(IV) (Diphenylphosphinyl)- and (Diphenylthiophosphinyl)acetates
% C % H
%

compd prepn® mp, °C caled found caled found yield
(C,H,),P(O)CH,CO,H s 144-145 70
(C.H,),P(0O)CH,CO,TI s 201 35.25 35.56 3.02 2.57 100
(C4H,),P(S)CH,CO,H"* ce 193-195 100
(C,H,),P(O)CH,CO,Sn(CH,), ® 2 164-165  48.26  47.80  4.97  5.12 60
(C,H/),P(O)CH,CO,8n(C,H,), 2 138-139 51.65 51.72 5.81 5.85 80
(C,H,),P(0)CH,CO,S8n(n-C,H,), 3 112-114  54.47 54.64 651  6.54 70
(C.H,),P(O)CH,CO,S8n(n-C H,), 3 78-75 56.86 57.08 7.11 7.02 90
(C4H,),P(O)CH,CO,Sn(c-C,H,)), 1 160-162 61.27 63.54 7.18 7.32 90
(C.H,),P(0)CH,CO,Sn(C H,),¢ 1 180-183  63.09  61.36  4.44  4.40 20
(C,H,),P(S)CH,CO,Sn(C,H,), 4 121-124  61.47  61.35  4.32  4.41 30
[(C.H,),P(O)CH,CO,8n(C H,),],-(C,H,),SnCi¢ 7 177-180 61.40 61.84 4.31 4.55 80
[(CsH,),P(O)CH,CO,],Sn(CH,), 6 75-78 54.00 55.04 4.50 4.72 30
[(C,H,),P(O)CH,CO,1,Sn(C,H,), 5 182-183 60.71 59.69 4.30 4.31 80

@ Preparations 1, 2, 3, 4, 5, 6 and 7 are depicted ineq 7, 8,9, 10, 11, 12, and 14, respectively. ® Molecular weight in

chloroform: 375 (423) by osmometry,
2.22%; found 1.98%.

were recorded on a Varian XL-100 instrument. The phospho-
rus-31 and tin-119 spectra were recorded on Fourier transform
Bruker WP-80 and SXP-109 instruments, respectively, by M.
Magerstadt at the Technical University of Berlin, Germany.
Carbon and hydrogen analyses and molecular weight determi-
nations were performed by Galbraith Laboratories, Inc., Knoxville,
TN.

The compounds studied are listed with the preparative method
used and their yields, melting points, and microanalytical data
in Table I. Tin-119m Méssbauer data are listed in Table II, mass
spectral data in Table III, infrared data in Tables IV and V, and
8P and '9Sn NMR data in Tables VI and VII, respectively.

(Diphenylphosphinyl)acetic Acid, (CsH;),P(O)CH,CO,-
H.5? To sodium metal (5.70 g, 248 mmol) dissolved in absolute
ethanol was added diphenylphosphine oxide (25.00 g, 124.0 mmol)
followed by chloroacetic acid (11.70 g, 124.0 mmol). The white
sodium salt precipitate was heated for 2 h, cooled, filtered, and
dissolved in water and the solution acidified with 1:2 sulfuric acid.
The resulting (diphenylphosphinyl)acetic acid was extracted into
chloroform, the extract dried with anhydrous magnesium sulfate,
and the solvent removed to give the acid (21 g, 70% yield), mp
144-145 °C (lit.5° 142-146 °C).

Thallium(I) (Diphenylphosphinyl)acetate, (C¢H;),P(O)-
CH,CO,T1. (Diphenylphosphinyl)acetic acid (7.80 g, 30.0 mmol)
was dissolved in absolute ethanol (50 mL) and thallium(I) ethoxide
(7.48 g, 30.0 mmol) was added. The white product precipitated
immediately in quantitative yield and was filtered and washed
with ethanol. It melted sharply at 201 °C.

(Diphenylthiophosphinyl)acetic Acid, (CsH;),P(S)CH,C-
0,H.1%!1 This compound was prepared in quantitative yield by
adding a stoichiometric amount of elemental sulfur to (di-
phenylphosphonyl)acetic acid'® in acetonitrile; mp 193-195 °C
(lit.1>11 190 °C, 192-193 °C).

Trimethyltin(IV) (Diphenylphosphinyl)acetate, (Cg
H;),P(0)CH,CO,Sn(CH;);. Trimethyltin(IV) chloride (1.00 g,
5.00 mmol) and thallium(I) (diphenylphosphinyl)acetate (2.32 g,
5.00 mmol) were allowed to react in refluxing chloroform for 1
h, the solvent was removed, and the resulting oil was washed with
cold ether and placed under vacuum to give 1.8 g of an impure
white solid which was recrystallized from a chloroform/ether
mixture to which a few drops of ethanol had been added to give
the product in 60% yield; mp 164-165 °C.

Triethyltin(IV) (Diphenylphosphinyl)acetate, (CgH;),P-
(0)YCH,COy(C.H;);. Triethyltin(IV) chloride (1.21 g, 5.00 mmol)
was added to a suspension of thallium(I) (diphenyl-
phosphinyl)acetate (2.32 g, 5.00 mmol) in chloroform. The mixture
was stirred under reflux for 2 h and cooled and the precipitated
thallium(I) chloride filtered. The chloroform solvent was removed
on a rotary evaporator and the resulting oil placed under vacuum.
Treatment with ether gave a white solid, mp 138-139 °C, in 80%
yield.

Tri-n-propyltin(IV) (Diphenylphosphinyl)acetate,
(CeH;),P(O)CH;,CO,Sn(n-C;H,)s. Bis(tri-n-propyltin) oxide
(2.51 g, 5.00 mmol) and the acid (2.60 g, 10.0 mmol) were heated
for 2 h in benzene (150 mL), with the water formed being collected

¢ Molecular weight in chloroform: 617 (609) by osmometry,

d Cl: caled,

in a Dean-Stark trap. The benzene solvent was then removed
to give an oil which was treated with ether. Insoluble material
was filtered and the ether removed. The oil solidified under
vacuum to give the title compound, mp 112-114 °C, in 70% yield.

Tri-n-butyltin(IV) (Diphenylphosphinyl)acetate,
(CgH;),P(O)CH,CO,8Sn(n-C,Hg)s. The above-outlined proce-
dure was used to prepare the tri-n-butyltin derivative from bis-
(tri-n-butyltin) oxide (2.98 g, 5.00 mmol) and (diphenyl-
phosphinyl)acetic acid (2.60 g, 10.0 mmol), mp 73-75 °C, in 90%
yield.

Tricyclohexyltin(IV) (Diphenylphosphinyl)acetate,
(CgH;),P(0)YCH,CO,Sn(c-CgH,y);. (Diphenylphosphinyl)acetic
acid (2.60 g, 10.0 mmol) and tricyclohexyltin(IV) hydroxide (3.85
g, 10.0 mmol) were dissolved in benzene (150 mL) and heated as
described above. Recrystallization from chloroform gave the
product, mp 160-162 °C, in 90% yield.

Triphenyltin(IV) (Diphenylphosphinyl)acetate, (Cs-
H;),P(0)CH,CO,Sn(CgH;);. This compound was prepared in
a similar way from (diphenylphosphinyl)acetic acid (2.60 g, 10.0
mmol) and triphenyltin(IV) hydroxide (3.67 g, 10.0 mmol), mp
180-183 °C, in 90% yield. Heating (CgH;)sSnO,CCH,P(O)(CgHs),
above its melting point (180-183 °C) releases carbon dioxide which
was detected as barium carbonate. The tin-containing product
was not isolated.

Bis[triphenyltin(IV) (diphenylphosphinyl)acetate]-
Triphenyltin(IV) Chloride, [(C¢H;),P(O)CH,CO,Sn(C,-
H;)3]5(C¢H5)sSnCl.  Triphenyltin(IV) (diphenylphosphinyl)-
acetate (3.05 g, 5.00 mmol) from the preparation described above
and triphenyltin(IV) chloride (1.93 g, 5.00 mmol) were dissolved
in chloroform, and the solution was concentrated and ether added
to induce crystallization of the white product, mp 177-180 °C,
in 80% yield. The product was filtered and washed with ether.
Instead of the anticipated 1:1 adduct, the elemental analysis for
carbon, hydrogen, and chlorine is consistent with the 2:1 for-
mulation.

Dimethyltin(IV) Bis((diphenylphosphinyl)acetate),
[(CsH3),P(O)CH,CO,],Sn(CH;),. Dimethyltin(IV) oxide (0.83
g, 5.00 mmol) and (diphenylphosphinyl)acetic acid (2.60 g, 10.0
mmol) were reacted as described above. The benzene was removed
on completion of the reaction, and ether was added to wash the
crude solid which had a wide melting range. The pure product
was obtained by sublimation at 70 °C in vacuo: mp 75-78 °C;
vield 30%. The mass spectrum displayed fragments at m/e
(intensity) values of 580 (11), {[(C¢Hj;);P(O)CH,),Sn(CHj),tt, 441
(5), [(C¢H;),P(O)CHSn(CH,),CeH;]*, 365 (52), [(CeH;)P(0)-
CH,Sn(CHj;),]*, 335 (27), [(CeH;),P(O)CH,Snl*, 227 (6),
[(cHs)gansH5]+, 197 (21), [SUCGH5]+, 121 (15), [SnH]*, and 215
(100) [(CeHp)oP(O)CH,]*.

Diphenyltin(IV) Bis((diphenylphosphinyl)acetate),
[(CgH5),P(0O)CH,CO,],Sn(CH;),. Triphenyltin(IV) chloride
(1.93 g, 0.005 mol) and sodium tetraphenylborate (1.71 g, 0.005
mol) were dissolved in 2-propanol to precipitate sodium chloride
which was filtered, and (diphenylphosphinyl)acetic acid (1.30 g,
0.005 mol) dissolved in the same solvent was added. A white solid
formed in the pink solution, the solution was filtered, and the
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solid was washed with chloroform and then ether to give the
product, mp 182-183 °C, in 60% yield. The mass spectrum
displayed fragments at m/e (intensity) values of 533 (8),
[(CeH5)oP(0)CH,CO,8n(CgHg),]*, 489 (100), [(Ce¢H;)oP(0)-
CH,Sn(CeHg),]™, 334 (21), [(CgH;),P(0)CHSn]™*, 351 (23), [Sn-
(CeH5)s]*, 197 (56), [SnCgH;]*, and 120 (19), Sn*-.

Triphenyltin(IV) (Diphenylthiophosphinyl)acetate,
(CeH;5):P(S)CH,CO,Sn(CeHs)s. This compound was prepared
from (diphenylthiophosphinyl)acetic acid (2.70 g, 10.0 mmol) and
triphenyltin(IV) hydroxide (3.67 g, 10.0 mmol) as described for
(diphenylphosphinyl)acetic acid. The crude product was re-
crystallized from acetonitrile to give the pure compound, mp
121-123.5 °C, in 30% yield. The mass spectrum displayed
fragments at m/e (intensity) values of 549 (13), [(C4H;).P(S)-
CHchZSn(CeH5)2]+, 505 (72), ((CGH5)2P(S)CHQSH(CGH5)2]+, 489
(4), unassigned, 395 (5), {(C¢H;),P(S)CH,Sn}*, 351 (23),
[(CGH5)QSH]+, 229 (13), [SSDCGH5]+, 197 (56), [SHCGH5]+, and 121
(100), [SnH]*.

Sn*-

32

27
10

o = QS/IS
79
52
54
46
38
56
59
59
02
55

C,H,Sn*
47
44
68

Results and Discussion

The synthesis of the triorganotin (diphenyl-
phosphinyl)acetates proceeds in high yield from the re-
action of a triorganotin(IV) hydroxide with the (di-
phenylphosphinyl)acetic acid in benzene with the reaction
driven to completion by the azeotropic distillation of the
water released (eq 6) or from the action of triorganotin(IV)

R;SnOH + (CzH;),P(O)CH;CO,H —
(CGH5)2P(O)CH2COZSHR3 + HQO (6)

R= C'CsHu and CGH5

chloride and thallium(I) (diphenylphosphinyl)acetate in

chloroform (eq 7) or from the parent acid and the bis-

R;SnCl + (C¢H;),P(0)CH,CO,T1 —
(C¢H;),P(0)CH,CO,SnR; + TIC1 (7)

R = CH; and C,H;
[trialkyltin(IV)] oxide in benzene (eq 8). The (thio-

(RsSn),0 + (CeH,),P(0)CH,COH —
(CH,);P(0)CH,CO,SnR; + H,0 (8)

R = n-C;H, and n-C Hy

phosphinyl)acetic acid also reacts in a similar way (eq 9).

R3Sn0H + (C6H5)2P(S)CHZCOZH -
(CeH,);P(S)CH,CO,SnR, + H,0 (9)

R = CgH,

The products are white solids soluble in common organic
solvents. The attempted synthesis of triphenyltin (di-
phenylphosphinyl)acetic acid tetraphenylborate from the
addition of the acid to a solution of triphenyltin tetra-
phenylborate prepared in situ was accompanied by the
cleavage of the tin—phenyl bond to produce the bis com-
pound (eq 10) and the dimethyl derivative was synthesized

(05H6)3SH+B(C6H5)4— + (CSHs)ZP(O)CHchZH -
(CeHj3)2Sn[0,CCHLP(0)(CeHs),], (10)

from the parent acid and dimethyltin(IV) oxide (eq 11).
The diorganotin(IV) derivatives are white solids which are
soluble in chloroform.

(CH,),Sn0 + 2(C¢H;),P(0)CH,CO,H —
(CHj)2Sn[0,CCH,P(0)(CgHj),]; + H,O (11)

The addition of triphenyltin(IV) chloride to triphenyl-
tin(IV) (diphenylphosphinyl)acetate in a 1:1 mole ratio in
chloroform gives a surprising result. Concentration of the
solution followed by trituration with ether precipitates a
1:2 complex in 80% yield (eq 12). Attempts to produce

2(C6H5)2P(0)CH2C(O)OSn(CGH5)3 + (CGH5)3SHCI —
[(CgH;5),P(0O)CH,C(0)0OSn(CeHjs) 3] (CsHs):SnCl (12)

+ 0.03

RSn*
57
21

r

QS + 0.06

46
98
97
96
100
26

[(CﬁHs)zp(O)'
CH,Sn]*

IS + 0.03

SOoOMNMTOO
~

(Diphenylthiophosphinyl)acetates at 77 K (mm s™')¢
[(C(,HS)IP(O)'
CH,CO,Sn]*

100
100
100
100

44
100

[(C.H,),P(O)
CH,SnR, I

compd

(C,H,),P(O)CH,CO,Sn(CH,), 33
45
46
44
50
28
34
28
26
28
Mass Spectral Data (m/e) for the Triorganotin(IV ) (Diphenylphosphinyl)acetates®

Tin-119m Mossbauer Data for the Di- and Triorganotin(IV) (Diphenylphosphinyl)- and

Table HI.

Table II.
[(CsHs)zP(O)'
CH,CO,SnR,]'
85
53

[(CH,),P(0)CH,CO,8n(C, H),],-(C.H,),8nCl
17
39
34
5

[(C4H,),P(O)CH,CO,],5n(CH,),
[(C4H,),P(O)CH,CO,],Sn(C.H,),

(C,H,),P(S)CH,CO,Sn(CH,),
@ Relative to Ca'“Sn0O,.

(C¢H,),P(O)CH,CO,Sn(C.H,),
(C(H,),P(0)CH,CO,Sn(n-C,H)),
(C,H,),P(O)CH,CO,Sn(n-C_H,),
(C(H,),P(O)CH,CO,8n(c-C,H,)),
(C4H,),P(O)CH,CO,Sn(C H),

7
9
1

o

'

R
H3
2Hy
c
C,
6

V0ol

5
@ Only tin-bearing fragments are listed. Mass numbers are based upon 'H, C, *O, *P, and '*Sn.
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Table IV. Infrared »(CO,) and »(P=0) Assignments for the Di- and Triorganotin(IV) (Diphenylphosphinyl)acetates
Vasym(CO),  vgym(CO;) v(P=0)
(C¢H,),P(O)CH,CO,H 1733 (vs) 1214 (m), 1157 (vs), 1145 (vs), 1128 (vs), 1096 (vs), 1070 (s)
1708 (vs)
(C4H,),P(O)CH,CO,Sn(CH,), 1648 (vs) 1332 (vs) 1217 (m), 1174 (vs), 1118 (s), 1106 (s), 1070 (m)
(C,H,),P(0)CH,CO,Sn(C,H,), 1640 (vs) 1335 (vs) 1200 (m), 1173 (vs), 1150 (vs), 1126 (s), 1100 (s)
(C,H,),P(O)CH,CO,Sn(n-C,H,), 1642 (vs)  1335(vs) 1199 (m), 1178 (vs), 1124 (s), 1107 (s), 1068 (m)
(C.H,),P(O)CH,CO,S8n(n-C,H,), 1654 (vs) 1328 (vs) 1190 (s), 1180 (vs), 1122 (s), 1102 (m), 1074 (w)
(C,H,),P(O)CH,CO,Sn(c-C,H,,), 1645 (vs) 1327 (vs) 1201 (s), 1157 (vs), 1128 (s), 1102 (m), 1082 (m)
1315 (vs)
(C¢H;),P(0)CH,CO,Sn(C/H,), 1645 (vs) 1335 (vs) 1218 (s), 1147 (vs), 1129 (vs), 1098 (vs), 1083 (s)
1318 (sh)
[(C,H,),P(O)CH,CO,Sn(C,H,);l, 1642 (vs) 1335 (vs) 1216 (m), 1147 (vs), 1131 (vs), 1097 (s), 1080 (m)
(C,H,),SnCl 1322 (sh)
[(C,H,),P(O)CH,CO,},Sn(CH,), 1712 (s) 1320 (s, br) 1190 (s, br), 1165 (s, br), 1122 (s), 1100 (s), 1070 (m)
1632 (s, br)
1588 (s, br)
1575 (sh)
[(C,H(),P(O)CH,CO,],Sn(C,H,), 1645 (vs) 1335 (vs) 1216 (m), 1148 (vs), 1131 (vs), 1098 (s), 1082 (m)
1320 (sh)
(C,H,),P(0)CH,CO,T! 1575 (s) 1348 (vs) 1201 (m), 1167 (vs), 1123 (s), 1098 (m), 1073 (m)
1567 (vs)
(C4H,),P(S)CH,CO,Sn(C,H,), 1575 (vs) 1308 (m)

Table V.
(C.H,),P(O)CH,CO.H

(C4H,),P(0O)CH,CO,Sn(CH,),
(C.H,),P(O)CH,CO,Sn(C.H,),
(C.H,),P(0)CH,CO,Sn(n-C,H,),
(C4H,),P(0)CH,CO,Sn(n-C H,),

(Cs Hs)zp(O)CHzcozsn(c'CeHn)s

(C.H,),P(O)CH,CO,Sn(CH,),
[(C.H,),P(0)CH,CO,8n(C,H,),],(CsH,);SnCl
[(C¢H,),P(O)CH,CO,],8n(CH,),
[(C4H,),P(O)CH,CO0,],Sn(C Hy),
(C.H,),P(S)CH,CO,Sn(C,H),

Table VI.

3P NMR Data (Ppm) for the Organotin
(Diphenylphosphinyl)acetates in Deuterated Chloroform®@

Infrared Data for the Di- and Triorganotin(IV ) Derivatives below 1500 em ™!

1443 (vs), 1412 (m), 1286 (s, br), 996 (m), 904 (m), 848 (m), 796 (s), 746
(s), 706 (m), 690 (s), 582 (m), 500 (s), 470 (sh), 396 (m)

1443 (s), 997 (w), 917 (m), 847 (m), 787 (m, br), 761 (m), 742 (m}), 700
(m), 590 (m), 556 (s), 537 (s), 501 (s), 483 (w), 378 (w)

1438 (sh), 1027 (m), 998 (m), 957 (m), 924 (m), 854 (s), 822 (s), 798 (w),
750 (vs), 691 (vs), 680 (vs), 600 (m), 544 (s), 520 (sh), 505 (vs)

1440 (vs), 994 (m), 918 (m), 845 (m), 792 (m), 755 (m), 692 (s), 677 (sh),
586 (m), 528 (s), 470 (w), 452 (w, br)

1455 (s), 1441 (s), 1391 (m), 1015 (m), 966 (m), 925 (s), 872 (m), 862 (m),
842 (m), 811 (m), 755 (s), 733 (s), 712 (s), 690 (vs), 675 (vs), 612 (vs),
512 (vs), 507 (sh), 442 (w), 397 (w)

1446 (vs), 1396 (w), 1252 (w), 989 (s), 923 (w), 878 (w), 848 (w), 838 (w),
818 (m), 744 (m), 712 (m), 686 (s), 668 (m), 594 (m), 502 (m), 478 (sh),
394 (w)

1482 (m), 1436 (s), 1430 (s), 1392 (s), 1024 (m), 997 (m), 930 (m), 847
(m), 815 (s), 748 (vs), 688 (vs), 597 (m), 498 (m), 441 (m)

1436 (m), 1431 (m), 1025 (w), 996 (w), 851 (w), 818 (w), 693 (s), 596 (w),
506 (w), 442 (m), 408 (m, br)

1436 (s), 997 (w), 932 (w), 852 (m), 796 (m), 745 (s), 692 (s), 600 (m, br),
580 (sh), 521 (s), 501 (s)

1438 (m), 1432 (m), 848 (w), 817 (w), 749 (m), 691 (s), 595 (w), 505 (w),
447 (w), 397 (w)

1100 (m), 1075 (m), 851 (m), 691 (vs), 625 (m, br), 502 (w, br), 478
(w, br), 445 (m, br)

representatives of the other three permutations of methyl-
and phenyltin combinations in the 1:2 complexes from
trimethyltin(IV) (diphenylphosphinyl)acetate and tri-

(C4H,),P(0)CH,CO,Sn(CH,), 28.9 ) L " .
(C.H,),P(0)CH,CO,8n(C,H,), 26.9 methyltin(IV) chloride in addition to the above phenyltin
(C,H,),P(O)CH,CO,8n(n-C,H,), 26.3 derivatives gave only oils. Attempted replacement of the
(C4H,),P(0O)CH,CO,8n(n-C,H,), 26.9 chlorine in the 1:2 product above with B(C¢H;), from
%855%25?8;8%:88222280}%})111)3 g?-g triphenyltin(IV) tetraphenylborate also failed.

I ésHst’ ( O)CI—fz COZZSn (ésﬁjs 1-(C,H,).SnCl  27.2 Structural discussion for these phosphlr_lylacetates must
[(C.H3).P(O)CH.CO.],8n(C,H.). 26.9 acknow!edge th.e presence qf two potential oxygen atom
(C,H,),P(S)CH,C0,8n(C,H,), 37.4 donor sites available for bridging or chelation. While a

C
¢ Relative to 85% phosphoric acid.

Table VII.

(C¢H,),P(O)CH,CO,8n(CH,), +66
(C.H,);P(0)CH,CO,Sn(C,H,), +108
(C.H,),P(0O)CH,CO,8n(n-C,H,), -62
(C.H,),P(0)CH,CO,8n(n-C,H,), -60
(CsHs)zp(o)CHzcozsn(CsHs)s -120

[(C¢H,),P(O)CH,CO,Sn(CHy), 1,
(C4H,),8SnCl
(C,H,),P(S)CH,CO,8n(C,Hy),

¢ Relative to tetramethylstannane.

1°Sn NMR Data (Ppm) for the Organotin
(Diphenylphosphinyl)acetates in Deuterated Chloroform®“

-116,-143,-158

=97, +11

monomeric, four-corrdinated structure, A, such as that
R;SnOC(O)CH,P(E)(C¢Hs), E=0,S
A

discussed for tricyclohexyltin(IV) acetate!21? is possible,
more interesting arrangements utilize either the carbox-
ylate oxygen atom in the bridged polymers generally found

(12) Alcock, N. W.; Timms, R. E. J. Chem. Soc. A 1968, 1876.

(13) The high Mdossbauer quadrupole splitting (QS) value for this
compound (QS = 3.27 mm s7!)¥ makes some interaction with the second
carboxylate oxygen to raise the coordination number of tin to five vir-
tually certain. The intramolecular d(Sn--0) contact distance is 2.95 A,
but a closer intermolecular oxygen is available at 2.84 A.12

(14) Maddock, A. G.; Platt, R. H. J. Chem. Soc. A 1971, 1191.
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in the tin derivatives® as in structure B in which the

R R
N/
—|—=Sn—0Q Q-——|-=

L \c/
by
E=i(C6H5)2
B
phosphorus portion of the molecule is pendant to the chain

of associated moieties or the phosphinyl oxygen atom in
a five-atom bridge as in structure C reminiscent of the

¢}
R
i /C--—CH2
—=~5n—0
/\ (CgHg)p P==E~—{—
R R
n
C
E=0,8

related four-atom bridge found in trimethyltin(IV) glyci-
nate? or in the chelated structure D. Triphenylphosphine

=PCgHsl»

D
E=0,8

oxide forms a complex with triphenyltin(IV) nitrate,® and
the carbonyl-stabilized triphenylphosphoranylidene ace-
tone ylid uses its carbonyl oxygen and not its carbanionic
carbon in complexing trimethyltin(IV) chloride in (Cg-
H;);PCHC(CH;)08n(CH,);CL1® We assume that no six-
coordinated, RySnL, forms, are possible,® but ionic for-
mulations as in E need to be considered, too.

[RySn]*[OC(O)CH,P(E)CeHs)sl- E=0,8
E

The easy solubility of these species in nonpolar organig .
solvents makes structures B, C, and E unlikely. In ady

dition, molecular weight determinations in chloroform for
the E = O and R = CH; and C;H; derivatives give results
indicative of the monomer, and the E = O and R = CiH;
derivative does not conduct (Ay = 4.4 Q! cm™ M) in
DMF.

Infrared Data. Three stretching modes are important
in the compounds studied, »(CO),), v(PE), where E = O
and S, and »(SnC), listed in the order of decreasing fre-
quency. Our assignments for the first two modes are listed
in Table V1. Each can in principle yield information which
can help distinguish the structural possibilities.

Trimethyltin(IV) (diphenylphosphinyl)acetate exhibits
both vaem aNd 14y, (SnCy) modes as absorptions at 556 and
537 cm™, respectively. The lower energy absorption is
roughly twice as intense in the infrared. In the Raman
these modes appear at 557 and 524 cm™, the second band
being also twice as intense. The presence of the vy, (SnCy)
mode in the infrared and the vee,(SnC;) mode in the
Raman rules out a planar equatorial trimethyltin group

(15) Nardelli, M.; Pelizzi, C.; Pelizzi, D. J. Organomet. Chem. 1976,
112, 263.

(16) Buckle, J.; Harrison, P. G.; King, T'; Richards, J. A. J. Chem. Soc.,
Dalton Trans. 1975, 1552.
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which might be associated with trigonal-bipyramidal
bridging structures such as B and C.

Infrared O—C==0 stretching frequencies can help to
distinguish free from coordinated carboxylate groups.
While the carboxylate groups in organotin solids generally
adopt a bridged structure unless the organic groups at tin
are bulky or unless the carboxylate group is branched at
the a-carbon,!? trimethylsilyl acetate possesses a normal
ester structure in which the vy, (CO,) frequency occurs
at 1725 cm™. The corresponding absorption at 1576 cm™
in trimethyltin(IV) acetate!® is typical of the associated
tin carboxylates.!® By contrast, v,.,(CO,) appears at 1645
cm™ in the tricyclohexyltin(IV) derivative, and this fact
was used to decide the case for four-coordination at tin
when ambiguous crystal structure data could not!? (vide
supra). The corresponding absorption in trimethyltin(IV)
glycinate is at 1630 cm™.,2 but in this case there is strong
hydrogen bonding between carbonyl oxygen and amino
group N-H moieties along and between the nitrogen
bridged trimethyltin chains which must contribute to the
lowering of the frequency of this free carboxylate group.*

In our triorganotin(IV) (diphenylphosphinyl)acetates the
Vasym(CO)2 modes can be assigned at 1647 £ 7 cm™, with
veym(CO), at 1325 £ 10 cm™. Thus strong interactions
between the carboxylate carbonyl group and the tin atom
as required in structure B can be ruled out. The v,,,(CO),
values are almost identical with those in tricyclohexyltin-
(IV) acetate, and weak interactions which probably are
present in that solid cannot be excluded. By contrast, our
thallium(I) derivative shows a much lowered vy, (CO),
absorption at 1575 cm™, and its higher melting point and
limited solubility in nonpolar organic solvents suggest a
polymeric network with bridging carboxylate groups. More
interesting for our purpose is the 1575-cm™ absorption in
the thiophosphinylacetate derivative relative to 1697 em™
for the free acid, which must find its origin in either a
strong mass effect or a different structure involving asso-
ciation of the carboxylate oxygen to the tin atom in this
sulfur derivative.

The position of the »(P=0) mode in the parent (di-
phenylphosphinyl)acetic acid solid would be expected to
be lowered by hydrogen bonding with the carboxylate
O—H,? and the frequency appears to be insensitive to the
change of organic groups at tin in the triorganotin deriv-
ative or even to the change of metal atom as in the thallium
derivative. Logically then, either all or none of these de-
rivatives must be associated through the P=0 system, but
since all the frequencies lie in the same range as that of
the parent acid which is associated into a high melting solid
through hydrogen bonding, we favor the former conclusion
and thus structure C or D.

A strictly linear carbon-tin—carbon system is ruled out
in (CH3),Sn[0,CCH,P(=0)(C¢H;),], by the presence of
both the v,y and vy, (SnC,) at 565 and 545 cm™ in the
infrared.

Mass Spectral Data. No parent molecular ions or
fragments of mass higher than the parent or containing
more than one tin atom are found in any of the mass
spectra, thus ruling out gas-phase association for these
species in the spectrometer. The base peak of highest
abundance in all except the tricyclohexyl derivative is a
(CgHj),P(O)CH,SnR,* fragment which is derived from loss

(17) Ford, B. F. E,; Liengme, B. V.; Sams, J. R. J. Organomet. Chem.
1969, 19, 53.

(18) Okawara, R.; Webster, D. E.; Rochow, E. G. J. Am. Chem. Soc.
1960, 82, 3287.

(19) Okawara, R.; Wada, M. Adv. Organomet. Chem. 1967, 5, 137.

(20) Matrosov, E. L; Tsvetkov, E. N.; Malevannaya, R. A.; Kabachnik,
M. L. J. Gen. Chem. USSR (Engl. Transl.) 1972, 42, 1686.
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of carbon dioxide from (CgHjz),P(O)CH,CO,SnR,* which
is also observed. The (CgH;),P(O)CH,Sn* ion which is the
highest abundance feature of the spectrum of the cyclo-
hexyl derivative is also found in every spectrum, as is the
CgH;Sn* fragment which must arise by phenyl group
transfer from phosphorus since it is found irrespective of
the organic group at tin.

The loss of one organic group from tin leads to a frag-
ment which loses a neutral carbon dioxide molecule to give
an ion of the formula (CgH;),P(O)CH,SnR,™" is the origin
of the process. Loss of CO, is also observed on heating
(CeHj;)3Sn0,CCH,P(0)(Ces)s.

R R
\/.
™o

[
(CeHglpPn ~C==0
6572 \CH/Z

The mass spectrum of the 1:2 complex [(C¢H;),P(0)C-
H,CO0,8n(CeHy);3]5-(CeH5)sSnCl is similar to that of the
triphenyltin(IV) (diphenylphosphinyl)acetate itself, except
for the presence of an SnCl* peak. The most abundant
signal arises from (C;H;),*- at m/e 154, unlike in the
phosphinylacetate derivative (see Table III).

Mossbauer Data. The Mossbauer spectra for all the
compounds studied are well-resolved doublets whose iso-
mer shifts (IS) values specify tetravalent tin and whose
quadrupole splitting (QS) and p (QS/IS) values are
3.27-3.71 mm s! and 2.38-2.79, respectively, indicating a
higher than four-coordinated situation at the tin atom.?!
Thus structure A can be confidently rules out on this basis
for the solids. The failure of the trimethyl-, dimethyl-,
triphenyl-, and diphenyltin derivatives to give ambient
temperature Méssbauer spectra is negative evidence, but
the related triorganotin acetates, and amino acids®* which
adopt bridged polymeric structures® show Méssbauer
resonances at room temperature. We interpret the absence
of resolvable spectra as arguing against polymeric struc-
tures B and C.

For the dimethyl- and diphenyltin(IV) derivatives we
can apply a treatment based upon a point charge model?
to link the observed QS value to a predicted carbon—tin~
carbon angle in six-coordinated diorganotin(IV) com-
pounds. The results correlate well with known structural
data for the dimethyl- and diphenyltin systems.>?>® The
calculation, which is based upon the assumption that the
partial QS values of the ligand groups are negligible, yields
an angle of 154° for the dimethyl and 144° in the di-
phenyltin(IV) derivative, the former corroborated by the
observation of & v, (SnC,) mode in the infrared spectrum.

The Mossbauer spectrum of the 1:2 complex is a simple
doublet whose QS value implies that both types of tin
atoms involved are higher than four-coordinated. The data
are nearly identical with those for the triphenyltin (di-
phenylphosphinyl)acetate derivative.

NMR Data. The phosphorus-31 chemical shifts for the
compounds containing the (CgH;),P(O)CH, group lie in
the range 26.3-28.9 ppm relative to 85% phosphoric acid
as shown in Table VI. This compares with similar data
for the closely related (C;Hj),P(O)R where R = CH[C-
H,C(0)CgH;]C(0)CeH; (27.5 ppm) and R = C[CH,C(O)-
CoH,][=C(OCH,CeH,)C¢H;] (28.6 ppm).** In the direct
comparison of (CgH;);P=E chemical shifts, with E = O

(21) Zuckerman, J. J. Adv. Organomet. Chem. 1970, 9, 21.

(22) Sham, T. K.; Bancroft, G. M. Inorg. Chem. 1975, 14, 2281.

(23) Lefferts, J. L.; Molloy, K. C.; Zuckerman, J. J.; Haiduc, I.; Curtui,
M. Inorg. Chem. 1980, 19, 2861.

(24) Mark, V.; Dugin, C. H.; Crutchfield, M. M.; van Wazer, J. R. Top.
Phosphorus Chem. 1967, 5, 227.
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(23.0-27.0 ppm) and E = S (42 ppm), the sulfur derivative
is to higher field,? just as in the case of our sulfur com-
pound.

It is well-known in tin-119 NMR studies that raising the
coordination number at tin moves the chemical shift up-
field of the tetramethyltin standard, while connecting
electronegative atoms moves the resonance downfield.?
Thus for monomeric triorganotin carboxylates the tin
chemical shift is found to low field of tetramethyltin, while
for associated species it is found to high field.? Of the
tin-119 NMR data we were able to record, for only two
compounds are the chemical shifts to high field. These
are the derivatives with the smallest alkyl groups,
(CsHs)gP(O)CHgCOQSnR@ where R= CH327 and CQH5. The
other compounds listed in Table VII are apparently mo-
nomeric in the deuteriochloroform solutions used to record
the spectra. For the sulfur-containing derivative, signals
both up- and downfield of tetramethyltin are observed,
indicating the presence of both monomeric and associated
species which must be in a slow equilibrium. The 1:2
complex shows three resonances, all to low field, but this
is puzzling since dissociation in solution can give rise to
only two monomeric species.

Molecular weight determinations show the trimethyl-
and triphenyltin derivatives to be monomers in chloroform
solution, and proton NMR data for the methyl groups [r
0.57 (]2J(*119Sn—-C-'H)| = 65.6 Hz)] in the same solvent are
consistent with four-coordinated tin in this phase.?® The
lack of shift of the »(CQO,) frequencies on solution in
chloroform is corroboratory both for the monomeric
structure A for the solution species as well as for the lack
of coordination through the carboxylate oxygen system in
the solid state.

Structural Conclusions. The mass spectral, molecular
weight and solubility properties combine to force the
conclusion that the triorganotin derivatives are monomers
or low oligomers, but the Mossbauer evidence dictates
higher coordination at the tin atom, ruling out structure
A in the solid state. Infrared »(CO), data serve effectively
to rule out structure B, except for the thallium(I) and
thiophosphinyl analogues in which carboxylate oxygen is
the donor atom of choice, presumably replacing P=S co-
ordination in the latter to yield a structure like B and
adding an additional site of coordination for the former.
The availability of these two derivatives serves to specify
the infrared frequencies which are associated with a co-
ordinated carboxylate oxygen system and makes more
secure the others being assigned as not strongly interacting.
For the P=0 system we have the frequency in the strongly
hydrogen bonded parent acid as a model of a coordinated
system,?’ and the similarity to the positions observed for
our compounds (including the thallium derivative) suggest
that it is association through the phosphinyl oxygen which
is responsible for raising the coordination number at tin
in the solids. Strong association as in structure C would
lead to planar R;Sn groups in the ubiquitous, axially most
electronegative configuration,® but this is ruled out by
infrared and Raman »(SnC;) data. Thus we settle upon
structure D or C in which the value of n is small enough
to cause bending of the RySn unit out of planarity. An
alternative interpretation would give a structure C in which
the association to tin is too weak to force the R3Sn unit

(25) Smith, P. J.; Smith, L. Inorg. Chim. Acta Rev. 1973, 7, 11.

(26) McFarlane, W.; Wood, R. J. J. Organomet. Chem. 1972, 40, C11.

(27) The chloroform solutions used to record the tin-119 NMR were
much more concentrated that that used to determine the monomeric
molecular weight or the proton NMR data where the {2J(*1°Sn~C-'H)|
value of 65.6 Hz is consistent with the presence of monomers.

(28) Petrosyan, V. S. Prog. Nucl. Magn. Reson. Spectros. 1977, 11, 115.
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into planarity or to hold the oligomers together in the
solution or gas phases.

The structure of the 1:2 complex is more difficult to
interpret. The infrared data in the carboxylate region are
like those for the simple (diphenylphosphinyl)acetate
derivative in ruling out carbonyl oxygen interaction and
those for the »(P==0) are similar as well in confirming
coordination to tin through this oxygen. Both the unlikely,
six-coordinated, (CgH;)sSnClL,, or a cationic chloride (F)

r(ce,H5>3Tn T
o]
|
O=(‘:
THZ le 5 MG CeMls
P==0— Sn —O0=P cl~
/\ / |
HsCe CoMs CH,
Cets Tes |
C=0
(||)
i SniCeHs)s |

F

can be ruled out since they contain four-coordinated tin
atoms. Such atoms should show a Mossbauer spectrum
whose pattern would be very different from that of a five-
or six-coordinated, central tin.’ In addition, the chloride
in this complex could not be replaced with the B(C¢Hs)
anion by metathesis using triphenyltin(IV) tetraphenyl-
borate. Conductivity measurements in DMF give 18.9 0!
cm™ M, which is a much lower value than that recorded
for the analogous 1:1 ionic [(CgHj)sP(CH,);CO,Sn-
(CgH;)31*Cl™ (48 @' cm™ M™!) in the same solvent.!
The alternative structure, G, introduces three different

Ng and Zuckerman

types of tin atoms but provides a formulation with all the
tin atoms higher than four-coordinated through chlorine
bridging. Such bridging in trimethyltin(IV) chloride de-
termines the zig-zag polymeric nature of this solid,” but
triphenyltin(IV) chloride forms a crystal of monomers.3
The data for the diorganotin bis((diphenyl-
phosphinyl)acetates) are easier to interpret in terms of
structure. Here the high Mossbauer QS values specify
open carbon-tin—carbon angles?? characteristic of the
ubiquitous, trans-diorganotin octahedral structures® and
the high |%J(**Sn—C-'H)| = 98.0 Hz coupling recorded for
the dimethyltin derivative specifies that the six-coordi-
nated structure®® survives transfer to chloroform solution.
Observation of both vgyym and vy, (SnCy) in the infrared
spectrum of the solid ruly; out a strictly linear dimethyltin
system. This, together with the absence of an ambient-
temperature Mdossbauer spectrum for the dimethyl- or
diphenyltin analogues suggests that a chelated structure
such as H is likely, which we write in the trans,trans,trans
form without wishing to specify the connectivity of the
(diphenylphosphinyl)acetato ligand.

Q

W\;—'o T O==\P/
\Sn/
p=0"] o
/\ R

H
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Comments on the Formation of Silanones in the Thermolysis of
Hydridosilyl Peroxides
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The reported generation of silanones (R,Si=0) in the condensed-phase thermolysis of hydridosilyl
peroxides (R,Si(H)OO-t-Bu) has been reexamined. Alternative mechanisms involving rearrangement of
the peroxides followed by various intra- and intermolecular condensations are proposed, and experimental
evidence consistent with these alternatives is presented. The reported silanone-trapping reactions with
siloxanes, silyl hydride, and a-methylstyrene are interpreted as involving condensation, direct reaction

with silyl peroxide, and air oxidation, respectively.

Introduction
It has long been known! that silyl peroxides (1) undergo
two types of thermal reactions: (1) homolytic cleavage of
the O-0 bond and (2) rearrangement to dialkoxysilanes
such as 2.
T' A
. O
RZS\QO Q. RZS‘\OR“
& 2
.
R

1

Recently there have been several reports?™ claiming the
generation of silanones (compounds with a p—pr Si=0
double bond) in the thermal decomposition of silyl per-
oxides of the type Ro(H)SiOOR’. Considerable evidence
has been presented in support of thermal decomposition
of these peroxides through a concerted intramolecular
transfer of the a-hydrogen from silicon to the nonadjacent
peroxide oxygen to concomitantly afford silanone and
alcohol. For example, dimethylsilyl tert-butyl peroxide
(3) is reported to decompose in nonane at 150 °C to pro-
duce tert-butyl alcohol in 81% yield. The transition state
was depicted as 4.

o Me,Siz=0
Me,(HISI00-7-By 22w { ]

} —  [Me,Si=0]

H-=-0-#-Bu
3 5
4 +

#-BuCH

This work will question the interpretation of the re-
ported results, suggest alternative mechanisms, and present
experimental evidence in favor of these different inter-
pretations.

Results and Discussion

The evidence which has been reported* for the decom-
position of hydridosilyl peroxides to silanones is as follows.

(A) The rate of peroxide disappearance is cleanly first
order, thus ruling out bimolecular reactions of the per-
oxides.

(B) Negative values of the activation entropies (AS* =
-29 J/(mol deg) for 3) suggested cyclic transition-state 4.

(1) Brandes, D.; Blaschette, A. J. Organomet. Chem. 1974, 75, 1.

(2) Tomadze, A. V.; Yablokova, N. V.; Yablokov, V. A, Zh. Obshch.
Khim. 1979, 49, 1171.

(3) Yablokov, V. A.; Tomadze, A. V.; Yablokova, N. V.; Razuvaev, G.
A. “Proceedings of the 9th International Conference on Organometallic
Chemistry”, Dijon, France, Abstract, 1979; p A2.

(4) Tomadze, A. V.; Yablokova, N. V.; Yablokov, V. A.; Razuvaev, G.
A. J. Organomet. Chem. 1981, 212, 43.

(5) Oswald, A. A. U.S. Patent 3236850, 1966.

(6) Fan, Y. L.; Shaw, R. G. J. Chem. Soc., 1978, 38, 2410.
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(C) Decomposition produced cyclosiloxanes presumably
arising from cyclic oligomerization of silanones. For ex-
ample, thermolysis of 3 afforded hexamethylcyclo-
trisiloxane (D3, 2%) and octamethylcyclotetrasiloxane (D,
13%). An increase in initial concentration of silyl peroxide
resulted in an increase of cyclosiloxane yields, but no
change in decomposition rates.

(D) Cothermolysis of different hydridosilyl peroxides
produced mixed cyclosiloxanes. Thus thermal decompo-
sition of 3 and Et,(H)SiOO0-¢-Bu yielded cyclosiloxanes of
the general type (Me,Si0)(Et,SiO),.

(E) Silanones were apparently trapped by reagents
containing an Si-O ¢ bond. Thus decomposition of 3 in
the presence of hexamethyldisiloxane afforded the formal
product of silanone 5 insertion, (Me;Si0),SiMe, (2%).

(F) Decomposition of the hydridosilyl peroxides in neat
triethylsilane led to formation of Et;SiOSi(H)R,, presum-
ably through insertion of the silanone into the Si-H bond
of the solvent. Thus thermolysis of 3 in Et;SiH afforded
the disiloxane insertion product 6 in 98% yield!

(G) Decomposition of hydridosilyl peroxides in a-me-
thylstyrene solution resulted in the formation of aceto-
phenone in 10-12% yield. This was presumed to take
place via cycloaddition of silanone to the olefin followed
by decomposition of the resulting silaoxetane ring to ke-
tone and a silene.

These reactions are summarized in Scheme 1.

Our initial entry into this area was to attempt to use this
method to synthesize di-tert-butylsilanone. Thus di-
tert-butylsilyl tert-butyl peroxide (7) was prepared by
treating di-tert-butylbromosilane with the complex of
DABCO and tert-butyl hydroperoxide.>® Thermolysis of
7 in octane at 150 °C resulted primarily in the formation
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Table I. Thermolysis of 7 in Octane at 150 °C

total
time, yield,
h 8 9 11 12 %
without 3 30.8 41.7 2.5 53 803
Et,N
0.1 equiv 1 284 407 11.8 4.3 85.2
of Et,N

of silyl ethers 8 and 9. These are of course the products
expected from the ususal thermal rearrangement of silyl
peroxides. Thus migration of hydrogen from silicon to
oxygen with migration of tert-butoxy to silicon affords 8,
while tert-butyl migration yields 9. In addition some ho-
molytic cleavage to form siloxy radical 10 occurred as ev-
idenced by the observation of small amounts of silanol 11
and disiloxane 12 in the product mixture. There was no
evidence for the formation of di-tert-butylsilanone. Tri-
ethylamine was found to catalyze this reaction. Thermo-
lysis of 7 with 0.1 equiv of Et;N present increased the rate
ca. fourfold but changed the yields of the products only
slightly (Table I).

o —— F-BUHISIO-#-Bu)
#-Bu,Si 7 -Bu,SI00-#-Bu /-Bu {O-#-Bu
&N0-1-Bu z ¢
8 H 9

7
.~e RH .
#=Bup(H)SIO® ~——=  #-Bup(H)SIOH —

10 11
[#-Bup(HISi1,0

12

Next, attempts were made to synthesize disilanyl per-
oxide 13 from chloropentamethyldisilane and DABCO-
2HO,-t-Bu. However, only the product of thermal rear-
rangement, 14, could be isolated (73%) as had been earlier
reported by Kawazumi and Marai.” Following the reaction
by NMR did allow observation of 13, but it was always
accompanied by an increasing amount of disiloxane 14.

Me,Si==0 + Me;Si0-#-Bu
MeSi(Me,)Si00-#-Bu 2
#-BuO(Me,)SIOSiMe,

13
14

Since neither of our hydridosilyl peroxides (7 and 13)
gave any evidence of silanone formation upon thermolysis,
it was not obvious why the reported systems such as 3
should behave differently. It has been known for some
time that if there is a good migrating group on silicon,
thermally induced intramolecular rearrangement of silyl
peroxides will compete with homolytic cleavage.! Since
the results of thermolysis of 7 reveal hydrogen to be even
better than tert-butyl in such migrations, it would be ex-
pected that a major pathway in the thermolysis of 3 would
be intramolecular rearrangement to form dimethyl-tert-
butoxysilanol (15). It is also possible that 15 could serve
as the precursor to the observed cyclosiloxane products,
D; and D, (Scheme II). Silanols are known to readily
condense with elimination of water to form disiloxanes.
Alkoxysilanols present the possibility of condensation
occurring with alcohol expulsion to form disiloxanes. In-
deed, the reaction of silanols with alkoxysilanes to afford
alcohols and disiloxanes is long established.? Since such

(7) Kawazumi, K.; Murai, B. Bull. Chem. Soc. Jpn. 1966, 39, 1951.
(8) Noll, W. “Chemistry and Technology of Silicones”; Academic Press:
New York; 1968; p 207.
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Scheme II
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Mez
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#-Bu OH
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condensations are thought to occur by way of an inter-
mediate pentacoordinate silicon,’ the release of steric strain
should favor loss of tert-butyl alcohol from intermediate
16 to form silanol 17 rather than loss of water to form
disiloxane 18. Silanol 17 could then undergo intramolec-
ular condensation with loss of tert-butyl alcohol to form
the often postulated (but never observed) cyclodisiloxane,
D,. Dimerization of D, would lead to the observed D,,
while condensation of D, and 15 could lead to D; and
tert-butyl alcohol. Thus the route displayed in Scheme
IT is totally consistent with the results of the Russian
workers in that all products are accounted for, unimolec-
ular kinetics are consistent with step one as rate deter-
mining, and this step provides a contrained transition state
with the corresponding negative AS*.

For a probe of this mechanistic possibility, dimethyl-
tert-butoxysilanol (15) was synthesized and thermolyzed.
Silanol 15 was prepared treating dichlorodimethylsilane
sequentially with tert-butyl alcohol and water. This silanol
proved to be quite stable at room temperature but at
temperatures >100 °C reacted rapidly. Thermolysis of 15
in tridecane (3 h, 150 °C) resulted in complete consump-
tion of 15. The products were found to be dependent upon
the concentration of the starting silanol. Pyrolysis of dilute
solutions (5%) produced three major products—D,, silanol
17, and dimethyldi-tert-butoxysilane (19). Pyrolysis of
20% and 40% solutions also afforded three major
products—17, 19, and 5-tert-butoxyhexamethyltrisiloxan-
1-0l (20)—and no detectable D, (Scheme III). It should
be noted that these results are inconsistent with those
reported* for hydridosilyl peroxide thermolysis where the
yield of cyclosiloxane increased with increased initial
concentration of peroxide.

(9) Eaborn, C. “Organosilicon Compounds”; Butterworths; London;
1960; p 103 ff.
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Scheme IV
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Scheme V
Me,SitH)O0-7-Bu + Et3SiH —= Et3Si0Si(H)Me,
3 22
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] 22

It might be assumed that our observation of 17 as a
major product in the thermolysis of 15 rules out 15 as an
intermediate in the thermolysis of 3 since 17 was not ob-
served by the Soviet group. However, in our hands when
solutions of dimethylsilyl tert-butyl peroxide (3) (3-20%
solutions in dodecane) were pyrolyzed (125-150 °C), there
was observed by GCMS silanol 17 in addition to D,. Si-
lanol 17 was always formed in higher yield than D, and
only minute traces of D; were ever seen. We note that on
nonpolar GC columns (e.g., 6 ft, 5% SE30) D, and 17 had
nearly identical retention times and produced one broad
peak. Thus it is quite possible that this peak was mis-
takenly assumed to be composed entirely of D,. It should
also be noted that D; would be the expected product of
intramolecular condensation of 20.

Me,(H)SI00-#-Bu -El—zﬁ—zs— #-BUOH + Me,SiOSiMe, + Dg

3 f-BuO OH
17

While our alternative mechanism (Scheme II) will ac-
count for observations A-D (vide supra), it does not ob-
viously explain the trapping results E-G.

The trapping of silanone by reagents containing a Si-O
o bond can be alternatively explained by condensation
reactions of initial intermediate 15. For example, it was
reported that the thermolysis of silyl peroxide 3 in the
presence of hexamethyldisiloxane resulted in a 2% yield
of the product of silanone 5 insertion, trisiloxane 21. A
condensation route to this product is provided in Scheme
IV.

The essentially quantitative trapping of Me,Si=0 by
Eit,SiH could also be explained by a condensation process.
However, this is not required. Even though it was re-
ported* that Me;SiO0-t-Bu (23) did not react with Et;SiH
under thermolysis conditions, in our hands this reaction
does occur to afford mixed disiloxane 24 in 72% yield
(Scheme V). This reaction was repeated several times,
and, even when the reaction mixture was thoroughly de-
gassed, the formation of 24 was accompanied by variable
amounts of Et;SiOH. Thus, the origin of 24 could either
be direct reaction of peroxide 23 and Et,SiH or Et;SiOH.
However, the crucial point is that the reaction between
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Scheme VI

ﬁHz Mez

Me,Si—0 Si
A . PhCMe 2 _—
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5 Me Ph

Me 26

25

silylhydride and silyl peroxide does not require the per-
oxide to possess a hydridosilyl group. Since there is a
dramatic difference between our results for the reaction
of Et,SiH and 23 and those reported earlier, it was decided
to conduct a labeling experiment. If in the cothermolysis
of 3 and Et;SiH the disiloxane product 22 is formed by
silanone insertion, the resulting products will be t-BuOH
and deuterated 22 if Et;SiD is employed. If, however, the
reaction is simply between 3 and Et,SiD, the alcohol will
be deuterated and not the disiloxane (Scheme V). We find
that thermolysis of 3 in an octane solution containing
Et,SiD produces t-BuOD and only nondeuterated 22.
These results are not in keeping with silanone insertion.

Last, there is the reported observation that decompo-
sition of hydridosilyl peroxides in a-methylstyrene affords
acetophenone.! This was interpreted as evidence for the
intermediacy of silanones which cycloadded to the olefin
to yield a silaoxetane (25) which in trun decomposed to
silene 26 and acetophenone (10-12%) (Scheme VI). While
we have produced no experimental data to comment on
this reaction and the incredibly terse experimental section
of the report* (no reaction conditions or spectral data)
allows for many possible interpretations, we would make
one comment. It has long been known!® that a-methyl-
styrene is readily oxidized to acetophenone by heating with
free radical catalysts in the presence of even small amounts
of oxygen. Indeed a-methylstyrene oxidizes to aceto-
phenone on storage,!® particularly if ever opened to the
atmosphere. Thus, one should be very leery of attaching
too much significance to the formation of acetophenone
from the thermolysis of a peroxide in a-methylstyrene
solution.

Conclusion

While the thermolysis of hydridosilyl peroxides may to
some degree involve silanone intermediacy, there is to date
no experimental data demanding this interpretation.

Experimental Section

General Information. All reactions, unless otherwise noted,
were run under a nitrogen atmosphere. Routine proton NMR
spectra were recorded on a Varian A60 or HA100 spectrometer.
All chemicals shifts are reported as parts-per-million (3 scale) from
tetramethylsilane. IR spectra were recorded on a Beckman IR
4250 spectrophotometer. UV spectra were recorded on a Cary
Model 14 spectrophotometer. Mass spectra were recorded by
using either a Finnigan Model 4000 (GCMS) or an AEI MS 902
spectrophotometer, with exact masses obtained on the latter
instrument.

Gas chromatographic analyses and separations were performed
on Varian Models 3700 and 920 and Aerograph Model A-90-P
instruments. GC yields were determined with internal standards
after determination of the relevant response factors. High-pressure
liquid chromatography (HPLC) was performed on a Waters
high-pressure liquid chromatograph equipped with UV and
differential refractometer detectors.

DABCO-Bis(tert-butyl hydroperoxide) Complex. The
DABCO-2HOO-t-Bu complex was prepared by a modification of
the procedure of Fan and Shaw.? In a 250-mL flask equipped
with a mechanical stirrer were placed DABCO (13.9 g, 0.123 mol)

(10) Mayo, F. R.; Miller, A. A. J. Am. Chem. Soc. 1958, 80, 2480.
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and Et,0 (200 mL). This slurry was cooled to 0 °C and tert-butyl
hydroperoxide (25 mL, ca. 0.25 mol) was slowly added. After being
stirred at 0 °C for 0.5 h, the solution was poured into 400 mL of
pentane, at which time the DABCO-ZHOO-t-Bu precipitated out.
After being cooled in a freezer (-20 °C) for 2 h, the solution was
filtered and the crystals were washed with pentane. The complex
was dried overnight on a vacuum line to yield glistening white
crystals (approximate yield of 70%).

Di-tert-butylsilyl tert-Butyl Peroxide (7). In a 100-mL
flask equipped with a magnetic stirrer were placed di-tert-bu-
tylbromosilane (7.958 g, 35.6 mmol), THF (80 mL), and DAB-
CO-2HOO-¢-Bu (5.71 g, 19.5 mmol). This solution was stirred
at room temperature for 24 h before pouring into 150 mL of
pentane. After being cooled to 0 °C, the solution was filtered.
The solvents were removed with a rotary evaporator to leave
behind a pale yellow liquid. This material was chromatographed
(4-in. silica gel column, hexane eluent) to yield pure 7 (6.209 g,
75% yield): NMR (CCl,) 8 1.05 (s, 18 H), 1.23 (s, 9 H), 4.12 (s,
1 H); IR (film) 2960 (s), 2930 (s), 2890 (s), 2855 (s), 2120 (s), 1470
(s), 1460 (sh), 1390 (m), 1365 (s), 1260 (w), 1240 (w), 1195 (m),
1060 (w), 1010 (m), 935 (w), 900 (m), 850 (s), 825 (s), 795 (s), 750
cm™ (w); mass spectrum, m/e (% relative intensity) (parent ion
not seen), 217 (P* - Me, <1), 175 (P* - t-Bu, 1), 161 (1), 145 (1),
119 (2), 103 (4), 87 (1), 77 (36), 75 (25), 63 (100), 57 (82), 47 (5);
exact mass for C;;Hp;0,Si (parent ion -CHy) caled 217.1624, measd
217.1621; exact mass for CgH;s0,Si (parent ion —¢-Bu) caled
175.1154, measd 175.1152.

Thermolysis of Di-tert-butylsily} tert-Butyl Peroxide (7).
A solution containing 7 {0.0432 g) and n-octane (0.50 mL) was
placed in several capillary melting point tubes. These tubes were
sealed and placed in an oven at 150 °C. A tube was removed every
half hour, and the progess of the reaction was analyzed by GC.
The reaction was complete after 3 h. The products formed were
di-tert-butylsilanol (11) (2.5%), di-tert-butoxy-tert-butylsilane
(9) (41.7%), di-tert-butyl-¢-butoxysilane (8) (30.8%), and sym-
tetra-tert-butyldisiloxane (12) (5.3%).

The reaction was repeated with 0.1 equiv of Et;N added. Under
the same conditions, this reaction was complete in 1 h. The same
products were formed but in slightly different yields (see Table
I). Product 11 was identified by spectral comparison with an
authentic sample. Product 12 was identified only by GC/MS.
Products 9 and 8 were isolated by preparative GC (10-ft 156% SE30
column). The spectral characteristics of 8, 9, and 12 are sum-
marized.

9: NMR (CCl,) 6 0.85 (s, 9 H), 1.28 (s, 18 H), 4.48 (s, 1 H); IR
(film) 2970 (s), 2925 (s), 2890 (m), 2855 (s), 2110 {m), 1470 (m),
1460 (m), 1385 (m), 1360 (s), 1235 (m), 1185 (m), 1050 (bd s), 1020
(m), 1000 (w), 935 (w), 865 (m), 835 (s), 795 cm™ (w); mass spectra,
m/e (% relative intensity) 232 (parent ion, 1) 217 (P* - Me, 9),
207 (1), 175 (P* - ¢t-Bu, 14), 161 (11), 133 (1), 119 (60), 103 (22),
89 (3), 77 (100), 63 (72), 57 (60); exact mass for C;,Hy0,8i (parent
ion) caled 232.1859, measd 232.1849; exact mass for Cy;H,50,8i
(parent ion — CHj) 217.1623, measd 217.1624; exact mass for
CsH 40,81 (parent ion t-Bu) caled 175.1154, measd 175.1152.

8: NMR (CCl,) 6 0.98 (s, 18 H), 1.32 (s, 9 H), the remaining
H was not observed; IR (film) 3700 (w), 3600~-3200 (bd w), 2970
(s), 2930 (s), 2890 (m), 2855 (s), 1470 (m), 1460 (sh), 1385 (m),
1360 (s), 1235 (w), 1195 (s), 1065 (bs), 1010 (w), 935 (w), 820 (s),
785 (m), 635 cm™ (m); mass spectrum, m/e (% relative intensity)
232 (parent ion, 1) 217 (P* ~ Me, 6), 175 (P* ~ t-Bu, 13), 159 (1),
145 (1), 133 (2), 119 (45), 103 (9), 89 (2), 77 (100), 75 (83), 63 (13),
57 (14), 56 (13); exact mass for C;;H,30,Si (parent ion) calcd
232.1859, measd 232.1852; exact mass for C);H,;0,8i (parent ion
— CHjy) caled 217.1623, measd 217.1626; exact mass for CgH ;40,81
(parent ion — t-Bu) caled 175.1154, measd 175.1150.

12: mass spectrum, m/e (% relative intensity) 302 (parent ion,
1), 245 (P* - t-Bu, 1), 203 (10), 189 (1), 165 (1), 149 (1), 141 (4),
125 (1), 109 (4), 57 (100).

Attempted Synthesis of Pentamethyldisilanyl tert-Butyl
Peroxide (13). In a 100-mL flask equipped with a magnetic stirrer
were placed DABCO-2HOOQ-¢-Bu (2.0828 g, 7.12 mmol) and Et,0
(75 mL). After the mixture was coded to 0 °C, chloropenta-
methyldisilane (2.1550 g, 12.9 mmol) was added, and the solution
was stirred for 20 h at room temperature. The reaction mixture
was poured into pentane and filtered, the solvent removed on a
rotary evaporator, and the residue percolated through a short silica
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gel column with hexane to obtain disiloxane 14 in 73% yield: IR
{neat) 2990 (s), 2915 (m), 2880 (sh), 1415 (w), 1390 (m), 1365 (s),
1255 (s), 1240 (sh), 1200 (s), 1055 (s, bds), 875 (sh), 840 (s), 810
(s}, 788 (s), 750 (m), 685 (m), 615 cm™ (m); mass spectrum, m/e
(% relative intensity) no molecular ion observed, 205 (M — Me,
28), 149 (100), 148 (12), 147 (68), 133 (29), 95 (17), 73 (20), 57 (18);
exact mass for CgH,;8i1,0, caled 205.1080, measd 205.1078.

Dimethyl-tert-Butoxychlorosilane. In a 1000-mL three-
necked flask equipped with an overhead stirrer were placed di-
methyldichlorosilane (60.18 g, 0.466 mol), Et,0 (500 mL), and
pyridine (38 mL, 0.471 mol). The solution was cooled to 0 °C,
and tert-butyl alcohol (34.6 g, 0.467 mol) in 50 mL of Et,0 was
slowly added via addition funnel. After all the alcohol was added,
stirring was continued overnight at room temperature. After the
solution was filtered, the Et,0 was removed by distillation.
Fractionation of the residue with a 12-in. Vigreux column yielded
53.9 g of pure dimethyl-tert-butoxychlorosilane (bp 119-122 °C,
69% distilled yield): NMR (CCl,) 0.42 (s, 6 H), 1.33 (s, 9 H).

Dimethyl-tert-butoxysilanol (15). In a 100-mL Morton flask
equipped with a magnetic stirrer were placed Et,O (75 mL),
dimethyl-tert-butoxychlorosilane (2.193 g, 13.16 mmol), and
pyridine (1.08 mL, 14.4 mmol). The solution was cooled to 0 °C,
and H,0 (0.26 mL, 14.4 mmol) was slowly added via syringe. The
solution was stirred for 2 h while the temperature was allowed
to slowly rise to room temperature. After being poured into 100
mL of pentane and dried over Na,SO,, the solution was filtered.
Removal of the solvents with a rotary evaporator left behind a
colorless, viscous liquid which was nearly pure 15 (yield ca. 90%).
Product 15 was used without further purification: NMR (CCL,)
0.08 (s, 6 H), 1.28 (s, 9 H), 2.60 (s, 1 H); IR (film) 3600-3000 (bd
8), 2970 (s), 2915 (m), 2900 (m), 2870 (w), 1590 (w), 1470 (w), 1460
(w), 1440 (m), 1385 (m), 1360 (s), 1255 (s), 1240 (m), 1200 (s), 1050
(bd s), 1020 (w), 1000 (sh), 875 (s), 840 (s), 780 (s), 695 (w), 675
cm™ (w); mass spectrum, m/e (% relative intensity) 148 (parent
ion, 1), 133 (P* - Me, 61), 117 (2), 115 (1), 103 (1), 77 (86), 75 (100),
59 (16), 47 (16).

Thermolysis of Dimethyl-tert-butoxysilanol (15). Solu-
tions of 15 in tridecane were prepared (5%, 10%, 20%, and 40%
solutions). Samples of each solution were placed in capillary tubes
which were sealed. The tubes were then placed in an oven at 150
°C. Progress of the reaction was monitored by periodically re-
moving sample tubes and analyzing the solutions by GC. The
time required for complete reaction of 15 varied with concen-
tration; the 4% solution required 1 h while the 40% solution
required 2.5 h. The major products of the 5% solution were found
to be 3-tert-butoxytetramethyldisiloxan-1-o0l (17), dimethyldi-
tert-butoxysilane (19), and D,. The major products of the con-
centrated solutions (20% and 40%) were found to be 17, 19, and
5-tert-butoxyhexamethyltrisiloxan-1-ol (20). No D, was observed
in these concentrated solutions. Products 19 and D, were iden-
tified by GC/MS, while 17 and 20 were isolated by preparative
GC (10-ft. 15% SE30 column). The spectral characteristics of
these products are summarized.

17: NMR (CCl,) 6 0.00, 0.01 (s, s, 12 H), 1.18 (s, 9 H), 2.78 (s,
1 H); IR (CCl,) 3700 (m), 2980 (s), 2930 (w), 2905 (w), 2870 (w),
1460 (w), 1390 (w), 1365 (m), 1255 (s), 1210 (sh), 1195 (s), 1050
(bd s), 910 (m), 665 (w), 630 cm™ (w); mass spectrum, m/e (%
relative intensity) (parent ion not seen) 207 (P* - Me, 12), 191
(1), 167 (1), 151 (100), 149 (84), 135 (12), 133 (48), 119 (8), 105
(3), 103 (3), 96 (7), 89 (4), 75 (27), 57 (56), 47 (6).

20: NMR (CCly) 6 0.06 (bd s, 18 H), 1.22 (s, 9 H), 2.66 (s, 1
H); IR (CCl,) 3700 (m), 2970 (s), 2930 (w), 2905 (w), 2870 (w),
1390 (w), 1360 (m), 1255 (s), 1200 (m), 1040 (bd s), 905 (m), 660
cm™! (w); mass spectrum, m/e (% relative intensity) (parent ion
not seen), 281 {P* - Me, 1), 267 (1), 251 (1), 225 (10), 223 {12),
207 (32), 193 (8), 191 (7), 177 (2), 165 (1), 149 (2), 133 (9), 125
(3), 119 (2), 103 (3), 96 (4), 75 (12), 73 (8), 57 (100), 47 (2).

19: mass spectrum, m/e (% relative intensity) (parent ion not
seen), 189 (P* - Me, 17), 133 (36), 117 (1), 115 (2), 101 (1), 87 (5),
77 (67), 75 (100), 57 (24), 47 (5).

Dimethylsilyl tert-Butyl Peroxide (3). In a 100-mL flask
were placed DABCO-2HOO-¢-Bu (6.862 g, 23.5 mmol) and Et,0
(60 mL). This solution was cooled to 0 °C, and dimethyl-
chlorosilane was added neat via syringe (5.0 mL, 44.9 mmol). A
large amount of white precipitate formed immediately. Stirring
was continued for 2 h while the temperature was gradually in-
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creased to room temperature. The solution was then poured into
150 mL of pentane and was extracted. Removal of the solvents
with a rotary evaporator left ca. 4.0 g of a colorless liquid which
was nearly pure 3. The recovered yield (ca. 60%) was quite low
due to the high volatility of peroxide 3. The peroxide was used
without further purification. Attempted purification by column
chromatography was unsuccessful as 3 decomposed on silica gel.
The spectral properties of 3 are as follows; NMR (CCly) 6 0.18
(d,2H,J =25 Hz), 1.17 (s, 9 H), 4.58 (heptet, 1 H, J = 2.5 Hz);
IR (film) 2980 (s), 2935 (w), 2870 (2), 2140 (s), 1460 (w), 1385 (m),
1365 (s), 1255 (s), 1195 (s), 905 (bd s), 880 (s), 845 (s), 805 (w),
760 (m), 725 cm™ (m); mass spectrum, m/e (% relative intensity)
(parent ion not seen), 133 (P* —~ Me, 76), 119 (100), 117 (6), 103
(12), 87 (4), 73 (47), 66 (5), 59 (45), 47 (3).

Thermolysis of Dimethylsilyl tert-Butyl Peroxide (3). A
5% solution of 3 in dodecane was prepared and placed in several
capillary tubes. After being sealed, these tubes were placed in
an oven at 150 °C. The starting peroxide completely disappeared
within a half hour. The major products, as observed by GC/MS,
were D, and silanol 17. As the initial concentration of 3 in
dodecane was increased, the yield of 17 increased.

Reaction of Dimethylsilyl tert-Butyl Peroxide (3) with
Et;SiD. Deuteriotriethylsilane was prepared by treatment of
triethylchlorosilane with lithium aluminum deuteride in Et,0.
The Et,;SiD was purified by preparative GC (10-ft 15% SE30
column) just prior to use.

To a 5% solution of 3 in octane was added a threefold molar
excess of Et;SiD. This solution was placed in several capillary
tubes. After being sealed, the tubes were placed in an oven at
135 °C. The reaction was complete within a half hour. The major
products were tert-butyl alecohol and 1,1-dimethyl-3,3,3-tri-
ethyldisiloxane (22). The deuterated alcohol was only identified
by GC/MS while 22 was isolated by preparative GC (6-ft. 30%
SE column): NMR (CCl,, 100 MHz) § 0.16 (d, 6 H, J = 2.5 Hz),
0.35-1.10 (complex multiplet, 15 H), 4.68 (heptet, SiH, 1 H, J =
2.5 Hz); irradiation at § 4.68 causes the doublet at & 0.16 to collapse
to a singlet; IR (CCl,) 2965 (s), 2940 (sh), 2920 (m), 2880 (s), 2120

(s), 1465 (m), 1420 (m), 1380 (2), 1250 (bd s), 1065 (bd s), 1000
(s), 910 cm™! (s); the region of Si-D absorption (1520 cm™ for
Et3SiD) is clear; mass spectrum, m /e (% relative intensity) 190
(parent ion, 1), 175 (P* — Me, 3), 161 (P* - Et, 100), 147 (4), 133
(82), 119 (5), 105 (87), 87 (7), 73 (13), 66 (13), 59 (41).

Reaction of Trimethylsilyl tert-Butyl Peroxide (23) with
Et;SiH. A solution containing peroxide 23 (0.0728 g, 0.448 mmol),
Et;SiH (0.188 g, 1.62 mmol), dodecane (0.514 g), and undecane
(0.0344 g, GC standard) was prepared. Samples of this solution
were placed in capillary tubes which were sealed and placed in
an oven at 150 °C. The reaction was complete after 1.5 h. The
major products formed were triethylsilanol (17%) and 1,1,1-
trimethyltriethyldisiloxane (24) (72%). Triethylsilanol was
identified by comparison with an authentic sample while 24 was
isolated by preparative GC (6-ft 30% SE30 column). The spectral
properties of 24 are as follows: NMR (CCl,) é 0.08 (s, 9 H),
0.40-1.20 (complex multiplet, 15 H); IR (film) 2980 (s), 2920 (s),
2885 (s), 1460 (m), 1415 (m), 1250 (s), 1240 (sh), 1065 (bd s), 1010
(s), 860 (s), 840 (s), 750 (s), 735 (8), 720 (s), 640 cm™ (w); mass
spectrum, m/e (% relative intensity) 204 (parent ion, 1), 189 (P*
- Me, 6), 175 (P* - Et, 100), 161 (9), 147 (80), 133 (12), 119 (75),
117 (13), 105 (15), 103 (12), 87 (11), 80 (9), 73 (39), 66 (28), 59
(36).
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The reduction of the cyanoiron(III) complex (NC),Fe(phen),* by various alkyl radicals occurs readily
by addition to the cyanide ligand to form an alkyl isocyanide coordinated to iron(II). The infrared and
electronic spectra of analogous cyanoiron(II) and (alkyl isocyanide)iron(II) complexes are compared in the
series: (CH;NC),Fe(phen),2*, (CH;NC)(NC)Fe(phen),*, (NC),Fe(phen),. Electron-rich alkyl radicals such
as tert-butyl also reduce (NC),Fe(phen),* by an electron-transfer process which affords carbonium ion
byproducts. For a particular alkyl radical, the competition between radical addition and electron transfer
can be qualitatively related to its ionization potential. Various alkyl radicals also react readily with two
series of chloroiron(III) complexes, tetrachloroferrate(IlI) and trichloroiron(IIl), to afford the reduced
chloroiron(Il) species and the corresponding alkyl chloride in essentially quantitative yield. The rates of
chlorine atom transfer to alkyl radicals are measured by the competition method using BrCCl; as a bromine
atom donor. The divergent trends in the reactivity pattern of alkyl radicals with tetrachloroferrate(III)
and trichloroiron(III) are discussed in terms of FeCl,” and FeCl,", respectively, as the active chloroiron(III)
species in acetonitrile solutions. The various pathways for the reduction of different iron(III) complexes
by alkyl radicals are presented in the context of their reduction potentials.

Introduction
Iron is an ubiquitous metal in various biological systems,
especially those involving oxidative processes.! Coupled
with the increasing realization that many oxidative enzy-

(1) Ochiai, E. “Biocinorganic Chemistry”; Allyn and Bacon, Inc.:
Boston, 1977.

matic processes involve free radical intermediates,?? it is
important to delineate the oxidation—reduction reactions

(2) Pryor, W. A,, Ed. “Free Radicals in Biology”; Academic Press: New
York, 1976-1981; Vols. 1-6.

(3) Sheldon, R. A.; Kochi, J. K. “Metal-Catalyzed Oxidations of Or-
ganic Compounds”; Academic Press: New York, 1981; Chapter 8.

0276-7333/82/2301-0725$01.25/0 © 1982 American Chemical Society






Organometallics 1982, 1, 725~732 725

creased to room temperature. The solution was then poured into
150 mL of pentane and was extracted. Removal of the solvents
with a rotary evaporator left ca. 4.0 g of a colorless liquid which
was nearly pure 3. The recovered yield (ca. 60%) was quite low
due to the high volatility of peroxide 3. The peroxide was used
without further purification. Attempted purification by column
chromatography was unsuccessful as 3 decomposed on silica gel.
The spectral properties of 3 are as follows; NMR (CCly) 6 0.18
(d,2H,J =25 Hz), 1.17 (s, 9 H), 4.58 (heptet, 1 H, J = 2.5 Hz);
IR (film) 2980 (s), 2935 (w), 2870 (2), 2140 (s), 1460 (w), 1385 (m),
1365 (s), 1255 (s), 1195 (s), 905 (bd s), 880 (s), 845 (s), 805 (w),
760 (m), 725 cm™ (m); mass spectrum, m/e (% relative intensity)
(parent ion not seen), 133 (P* —~ Me, 76), 119 (100), 117 (6), 103
(12), 87 (4), 73 (47), 66 (5), 59 (45), 47 (3).

Thermolysis of Dimethylsilyl tert-Butyl Peroxide (3). A
5% solution of 3 in dodecane was prepared and placed in several
capillary tubes. After being sealed, these tubes were placed in
an oven at 150 °C. The starting peroxide completely disappeared
within a half hour. The major products, as observed by GC/MS,
were D, and silanol 17. As the initial concentration of 3 in
dodecane was increased, the yield of 17 increased.

Reaction of Dimethylsilyl tert-Butyl Peroxide (3) with
Et;SiD. Deuteriotriethylsilane was prepared by treatment of
triethylchlorosilane with lithium aluminum deuteride in Et,0.
The Et,;SiD was purified by preparative GC (10-ft 15% SE30
column) just prior to use.

To a 5% solution of 3 in octane was added a threefold molar
excess of Et;SiD. This solution was placed in several capillary
tubes. After being sealed, the tubes were placed in an oven at
135 °C. The reaction was complete within a half hour. The major
products were tert-butyl alecohol and 1,1-dimethyl-3,3,3-tri-
ethyldisiloxane (22). The deuterated alcohol was only identified
by GC/MS while 22 was isolated by preparative GC (6-ft. 30%
SE column): NMR (CCl,, 100 MHz) § 0.16 (d, 6 H, J = 2.5 Hz),
0.35-1.10 (complex multiplet, 15 H), 4.68 (heptet, SiH, 1 H, J =
2.5 Hz); irradiation at § 4.68 causes the doublet at & 0.16 to collapse
to a singlet; IR (CCl,) 2965 (s), 2940 (sh), 2920 (m), 2880 (s), 2120

(s), 1465 (m), 1420 (m), 1380 (2), 1250 (bd s), 1065 (bd s), 1000
(s), 910 cm™! (s); the region of Si-D absorption (1520 cm™ for
Et3SiD) is clear; mass spectrum, m /e (% relative intensity) 190
(parent ion, 1), 175 (P* — Me, 3), 161 (P* - Et, 100), 147 (4), 133
(82), 119 (5), 105 (87), 87 (7), 73 (13), 66 (13), 59 (41).

Reaction of Trimethylsilyl tert-Butyl Peroxide (23) with
Et;SiH. A solution containing peroxide 23 (0.0728 g, 0.448 mmol),
Et;SiH (0.188 g, 1.62 mmol), dodecane (0.514 g), and undecane
(0.0344 g, GC standard) was prepared. Samples of this solution
were placed in capillary tubes which were sealed and placed in
an oven at 150 °C. The reaction was complete after 1.5 h. The
major products formed were triethylsilanol (17%) and 1,1,1-
trimethyltriethyldisiloxane (24) (72%). Triethylsilanol was
identified by comparison with an authentic sample while 24 was
isolated by preparative GC (6-ft 30% SE30 column). The spectral
properties of 24 are as follows: NMR (CCl,) é 0.08 (s, 9 H),
0.40-1.20 (complex multiplet, 15 H); IR (film) 2980 (s), 2920 (s),
2885 (s), 1460 (m), 1415 (m), 1250 (s), 1240 (sh), 1065 (bd s), 1010
(s), 860 (s), 840 (s), 750 (s), 735 (8), 720 (s), 640 cm™ (w); mass
spectrum, m/e (% relative intensity) 204 (parent ion, 1), 189 (P*
- Me, 6), 175 (P* - Et, 100), 161 (9), 147 (80), 133 (12), 119 (75),
117 (13), 105 (15), 103 (12), 87 (11), 80 (9), 73 (39), 66 (28), 59
(36).
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The reduction of the cyanoiron(III) complex (NC),Fe(phen),* by various alkyl radicals occurs readily
by addition to the cyanide ligand to form an alkyl isocyanide coordinated to iron(II). The infrared and
electronic spectra of analogous cyanoiron(II) and (alkyl isocyanide)iron(II) complexes are compared in the
series: (CH;NC),Fe(phen),2*, (CH;NC)(NC)Fe(phen),*, (NC),Fe(phen),. Electron-rich alkyl radicals such
as tert-butyl also reduce (NC),Fe(phen),* by an electron-transfer process which affords carbonium ion
byproducts. For a particular alkyl radical, the competition between radical addition and electron transfer
can be qualitatively related to its ionization potential. Various alkyl radicals also react readily with two
series of chloroiron(III) complexes, tetrachloroferrate(IlI) and trichloroiron(IIl), to afford the reduced
chloroiron(Il) species and the corresponding alkyl chloride in essentially quantitative yield. The rates of
chlorine atom transfer to alkyl radicals are measured by the competition method using BrCCl; as a bromine
atom donor. The divergent trends in the reactivity pattern of alkyl radicals with tetrachloroferrate(III)
and trichloroiron(III) are discussed in terms of FeCl,” and FeCl,", respectively, as the active chloroiron(III)
species in acetonitrile solutions. The various pathways for the reduction of different iron(III) complexes
by alkyl radicals are presented in the context of their reduction potentials.

Introduction
Iron is an ubiquitous metal in various biological systems,
especially those involving oxidative processes.! Coupled
with the increasing realization that many oxidative enzy-

(1) Ochiai, E. “Biocinorganic Chemistry”; Allyn and Bacon, Inc.:
Boston, 1977.

matic processes involve free radical intermediates,?? it is
important to delineate the oxidation—reduction reactions

(2) Pryor, W. A,, Ed. “Free Radicals in Biology”; Academic Press: New
York, 1976-1981; Vols. 1-6.

(3) Sheldon, R. A.; Kochi, J. K. “Metal-Catalyzed Oxidations of Or-
ganic Compounds”; Academic Press: New York, 1981; Chapter 8.
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of iron complexes with organic moieties. In the previous
study,* we identified two major classes of redox reactions
which occur between the tris(1,10-phenanthroline) com-
plexes of iron(III) Fe(phen);** and various types of alkyl
radicals (R-). The first class of interaction involves an
electron transfer to afford carbonium ions (R*) by an
outer-sphere mechanism (eq 1). The second class of in-

Fe(phen);®* + R- Fe(phen);>* + R* (1)

MeCN
teraction results in aromatic substitution specifically at
the 4-position of the coordinated phenanthroline by an
inner-sphere mechanism (eq 2).°

R
7NN
=N, ”,N' +

+ R “wech Fe * H (2

Fe(phen)ay (phen)
2

We now wish to consider a new series of iron(IIl) com-
plexes I, in which one of the bidentate phenanthroline
ligands has been replaced with a pair of anionic ligands,
i.e., X,Fe(phen),*, of which the cyano analog (X = CN)
is an outstanding example.! Such a mixed-ligand complex
of (NC),Fe(phen),* allows the radical reaction at the cyano
ligand to be evaluated directly in competition with the
radical attack on the coordinated phenanthroline (as in
eq 2) or even electron transfer itself (cf. eq 1). Although
the halo derivatives of I are also known, they are unstable
in solution with respect to the redistribution of the
phenanthroline ligands, e.g., eq 3. Accordingly, we fo-

3CL,Fe(phen),* o 2(phen);Fe®* +FeCl, + 2CI”
(3)

cussed our attention on the radical reaction of two other
types of chloroiron(III) complexes, viz., the neutral FeCl;
and the ferrate complex FeCl,".

Results and Discussion

I. Reduction of the Cyanoiron(III) Complex by
Alkyl Radicals. The cyano ligands in the dicyanobis-
(phenanthroline)iron(III) complex (NC),Fe(phen),"PF"
are known to be C-coordinated to iron and stable to sub-
stitution.” The observation of two cyanide stretching
frequencies at 2090 and 2077 cm™! coupled with the ine-
quivalency of the two sets of aromatic protons in the py-
ridino rings of phenanthroline establish the cis configu-
ration,? i.e.

The exposure of the dicyanoiron(III) complex
(NC),Fe(phen),* to methyl radicals in acetonitrile leads
to a rapid color change from red to orange, indicative of
its reduction to iron(II). [To avoid discontinuity the ex-
perimental procedure for the production of methyl and
other alkyl radicals is described separately in the Exper-
imental Section.] Pyrolytic gas chromatographic analysis
of the crude reaction mixture revealed the presence of
methyl isocyanide in at least 60% yields. However, the
careful separation of the iron-containing product by col-
umn chromatography on silica gel afforded a pure com-

(4) Rollick, K. L.; Kochi, J. K. J. Am. Chem. Soc. 1982, 103, 1319.

(5) See also: Rollick, K. L.; Kochi, J. K. J. Org. Chem. 1982, 47, 435.

(6) Schilt, A. A. J. Am. Chem. Soc. 1960, 82, 3000.

(7) See, e.g.: Cotton, F. A.; Wilkinson, G. “Advanced Inorganic
Chemistry”, 4th ed.; Wiley: New York, 1980; p 113.

(8) Doonan, D. J.; Balch, A. L. Inorg. Chem. 1974, 13, 921.
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Table I. Spectral Data for Isocyanide and
Cyanoiron(Il) Complexes

‘H NMR
infrared 8

iron(II) complex v(CN), em™! (ppm)°-¢

NC

\
/Fe(phen), 2090, 2077¢
NC
NC,
Fe(phen),'PF, 2192, 2098°  3.48
CH,NC
CH,NC
Fe(phen),2*2PF 2210, 2198° 3.47
CH,N
CH,NC 2170% 3.12

@ KBr pellet. % Neat film. ¢ CD,CN solution.
d Methyl resonance, phen resonances reported in the
Experimental Section.

Absorbance

L
300 400
Wavelength | nm

Figure 1. The electronic spectrum of (-~-) 3.72 X 10* M
(NC);Fe(phen),, (—) 3.04 X 10 M CH;NC(NC)Fe(phen),PFg,
and (—--) 2.90 X 10 M (CH;NC),Fe(phen),(PFg), in methylene
chloride solutions.

ponent consisting of the monocyano(methyl isocyanide)-

bis(phenanthroline)iron(II) cation as the hexafluoro-

phosphate salt, i.e.,, eq 4. The infrared stretching fre-

NC CH3NC
\Fem(phen)2+ + CHz* weehe

NC NC

~

e (phen)s’ (4)

quencies of the coordinated cyanide and methyl isocyanide
ligands in this cationic complex are listed in Table I. For
comparison, the spectral data for the neutral dicyano-
iron(II) and the dicationic bis(methyl isocyanide)iron(II)
counterparts are also included in the table. The latter was
previously prepared by the exhaustive methylation of the
dicyanoiron(II) complex with dimethyl sulfate (eq 5).5°
NC CH3NC

Felphen) + 2(CH3)2S04 — N

2+
Fe(phen); +
NC CHsNC™”

2CH3504- (5)

The presence of the coordinated methyl isocyanide in both
the mono- and di-substituted complexes is also revealed
from their '!H NMR spectra which exhibit a single sharp
resonance at § 3.47. The latter is expectedly shifted
downfield from that (¢ 3.12) of the free methyl isocyanide,
as listed in Table I. Furthermore, the inequivalency of the
aromatic protons in the terminal rings of the coordinated

(9) Hamer, N. K.; Orgel, L. E. Nature (London) 1961, 190, 439.
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phenanthrolines in the mono(methyl isocyanide) complex
supports a cis configuration, similar to those in the dicyano
and bis(methyl isocyanide) analogues.?

The absorption spectra of these cyano and isocyanide
analogues are also compared in Figure 1. For various
low-spin iron(II) complexes of the type X,Fe(phen),, the
electronic spectra are dominated by intense low-energy
transitions which have been assigned as metal d to phen-
anthroline 7* charge transfer.® Changes in the nature of
X alter the absorption bands mainly by affecting the en-
ergies of the filled iron d orbitals.’® Consequently the
systematic variation shown in Figure 1 reflects the increase
in the metal — ligand charge-transfer transition upon the

-successive replacement of a cyano ligand with an iso-
cyanide, which is a better = acceptor and poorer ¢ donor.
Similar changes in spectra have been effected by the
treatment of (NC),Fe(phen), with various Lewis acids.!®

The methylation of the coordinated cyanide proceeds
according to eq 4 in at least 55% yields, as estimated from
the integration of the resonance at 6 3.5 in the 'H NMR
spectrum of the crude reaction mixture.!! A further,
careful analysis of the 'H NMR spectrum revealed that
methylation of the phenanthroline ligand, similar to that
in eq 2, did not occur, e.g., eq 6. [Previous studies showed

3"

Nt +

(NC)Felphen), +  CHy: H™ (8)

Fe
(NC), (phen)

that the coordinated methylphenanthroline in iron(II)
complexes can be readily identified by its characteristic
methyl resonance in the 'H NMR spectrum.’] Further-
more, the phenanthroline ligand could be separated from
the iron complex in essentially quantitative yield by hy-
drolytic cleavage (see Experimental Section). Examination
of the NMR spectrum of the free phenanthroline fraction
revealed no methyl groups indicative of eq 6.
Treatment of the dicyanobis(phenanthroline)iron(III)
complex with other alkyl radicals also resulted in the
formation of the corresponding alkyl isocyanide complexes
by radical addition to the coordinated cyanide. Thus ethyl,
isopropyl, and tert-butyl radicals afforded ethyl isocyanide,
isopropyl isocyanide, and tert-butyl isocyanide, respec-
tively, in varying yields upon pyrolytic gas chromato-
graphic analysis of the reaction mixture. These alkyl
isocyanides, similar to methyl isocyanide in eq 4, also exist
largely as ligands coordinated to iron(Il). Thus little if any
isocyanide can be separated as the free ligand from the
reaction mixture simply by concentration in vacuo. Un-
fortunately, quantitative analysis of all the organic oxi-
dation products from these alkyl radicals was not achieved
for the reason cited above. However, gas chromatographic
analysis indicated that other products of alkyl oxidation
were formed, especially from tert-butyl radicals. Thus in
addition to tert-butyl isocyanide (~20%), major amounts
of isobutylene (30%), N-tert-butylacetamide (15%), and
tert-butyl alcohol (30%) were formed. Since the latter are
known to arise from tert-butyl cations,* we conclude that
a substantial fraction of the tert-butyl radicals was oxidized
by (phen),Fe(CN)," by a competing electron-transfer
process analogous to that in eq 1, viz.,, eq 7. Although

NC NC
o
Srefionen),” + (CHg)sCe = el

NC NC

phen)z +

(CH3JsC™ (T)

(10) Shriver, D. F.; Posner, J. J. Am. Chem. Soc. 1966, 88, 1672.
(11) Quantitative material balance could not be achieved owing to the
partial loss of methyl isocyanide from the complex.
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isopropyl isocyanide was the major product (~50%),
minor amounts of propylene (15%) and N-isopropylacet-
amide (10%) were also formed from isopropyl radical.
Similar byproducts (ethylene and N-ethylacetamide) from
ethyl radical were not detected. Thus the yields of these
alkyl byproducts generally increase in the order: methyl,
ethyl « isopropyl « tert-butyl, at the expense of the
corresponding alkyl isocyanide. Such a trend reflects a
competition for alkyl radicals between electron transfer
and addition in eq 8 and 9, respectively. A similar com-

(NC)Fe"(phen), + R (8)

(NC),Fe™ (phen), + R
J2Fe (phenl; MeCN

RNC
\ +
/Fen(phen)z (9)

NC

petition was identified earlier in the oxidation of various
alkyl radicals and tris(phenanthroline)iron(III), as de-
scribed by eq 1 and 2.* Since electron transfer in eq 1 was
shown to be highly dependent on the ease of oxidation of
the alkyl radical, it is the dominant pathway with tert-
butyl radical, but it progressively decreases in importance
with isopropyl, ethyl, and methyl radical in accord with
the substantial differences in their ionization potentials
[(CH,)4C-, 6.92 eV; (CH;),CH-, 7.69 ¢V; CH;CH,., 8.51 eV,
CHg., 9.84 eV'?]. By contrast, the competing radical ad-
dition to a coordinated ligand in eq 2 was not strongly
influenced by the ionization potential of the alkyl radical.?
The overall result is for ligand addition to decrease in the
order: methyl > ethyl > isopropyl > tert-butyl. Thus we
interpret the same trend in the reactions of alkyl radicals
with dicyanobis(phenanthroline)iron(III) to reflect a sim-
ilar competition between electron transfer and ligand ad-
dition processes in eq 8 and 9.13 Furthermore, the strong
preference for coordinated alkyl isocyanides to be formed
according to eq 9 indicates that radical addition to a cyano
ligand is significantly more favorable than addition to
phenanthroline as in eq 6.

II. Homolytic Substitution with Chloroiron(III)
Complexes. Two types of chloroiron(III) complexes were
employed—the anionic tetrachloroferrate(III) prepared as
the tetraethylammonium salt Et,NFeCl, and anhydrous,
neutral trichloroiron(III), FeCl,.

A. Tetrachloroferrate(III). The absorption spectrum
of tetraethylammonium tetrachloroferrate(IIl) in aceto-
nitrile shows two maxima at 312 and 360 nm. Exposure
of this pale yellow solution to alkyl radicals affords the
corresponding alkyl chlorides in essentially quantitative
yields

. mey - — oy -
R: + FellICl, MooN RCI + Fel'Cl, (10)
where R = methyl, ethyl, isopropyl, and ter¢-butyl. It is

noteworthy that tert-butyl chloride is formed with no
significant admixture of isobutylene.

(12) Houle, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1979, 101, 4067
and also listing in ref 4.

(13) Two principal mechanisms may be considered for the addition of
an alkyl radical to a coordinated cyanide. We favor a one-step process
involving a concerted addition. A reviewer has suggested an alternative
possibility in which a rate-limiting electron transfer is followed by a rapid
cage collapse of the transitory carbonium ion (compare the alkylation in
eq 5). Such a two-step process requires that the efficiency of cage collapse
varies markedly with alkyl structure in order to account for the result
described by eq 8 and 9. We have no direct experimental evidence
bearing on this mechanistic distinction at this juncture. However, the
facility with which methylation occurs on the cyanoiron(III) complex (as
evidenced by the singular absence of attack on solvent) is similar to the
methylation of phenanthroline complexes of iron(IIl) in eq 2, for which
there is strong evidence for a concerted addition of the methyl radical to
the ligand.’
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Table II. Rates of Oxidation of Alkyl Radicals by Tetrachloroferrate(III)
Relative to Bromine Atom Transfer from Bromotrichloromethane?
ionization log
alkyl radical potential ? source® ke kg, (kcy/krr)

methyl 9.84 acetyl peroxide 0.14 = 0.01 -0.85
ethyl 8.51 Et,Pb 0.17 + 0.05 -0.77

tert-amyl peracetate 0.22 + 0.05 -0.66
isopropy! 7.69 i-PrHgMe 0.19 + 0.05 -0.72

2,3-dimethy!l-2-butyl peracetate 0.29 + 0.06 -0.54
tert-butyl 6.92 triptyl peracetate 1.9+ 0.7 0.28

¢ In acetonitrile at 0 °C under pseudo-first-order conditions.

b In eV from ref 12. ¢ See Experimental Section for

methods. 9 See eq 12. Error limits are one standard deviation, at the 95% confidence level, of the relative rates measured.

T T T T 1 or ' T M T v 1
50 - 1.0 -1
t-butyl

— methy!
o
o
\ 2s5f 1 S5 T
»
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@

0 L i | L L L 0 n . L [

! 2 4 .6 0 I .2 3
BrCCly M

Figure 2. Relative rates of formation of alkyl chlorides from
typical alkyl radicals and tetrachloroferrate(III) in competition
with bromine atom transfer from bromotrichloromethane.

The rate of homolytic reduction of tetrachloroferrate(III)
in eq 10 was measured by the competition method with
bromotrichloromethane as the bromine atom donor in eq
11 of Scheme I. In the competition experiments, pseu-

Scheme I
k
R. + FeCl,” — RCl + FeCly” (10)
k r
R- + BrCCl; —> RBr + C1,C- (11)

do-first-order conditions were maintained by employing
at least a 10-fold excess of FeCl,” and BrCCl;. The relative
rates of eq 10 and 11 were measured by the relative yields
of alkyl chloride and alkyl bromide, i.e., eq 12, as described

ke _ [BrCCL][RCl)
kg [FeCl"][RBr]

in the Experimental Section. In order to support the
kinetics in Scheme I, the competition was carried out at
various molar ratios of BrCCl; and FeCl,", and the ratio
of rate constants in eq 12 was obtained from the slopes,
typically shown in Figure 2. The ratio of rate constants
kcy/ kg, is tabulated for various alkyl radicals in Table II.
In each case, the material balance was verified by the
trapping of the trichloromethyl radical formed in eq 11
with FeCl,", i.e., eq 13. Carbon tetrachloride was indeed
isolated in amounts equal to the alkyl bromide, in accord
with Scheme 1.13

FellCl,~ + ClL,C- — FellCly +CLC (13)

B. Trichloroiron(IIl). The absorption spectrum of
FeCl; in acetonitrile consisted of two bands with maxima
at 315 and 360 nm similar to that of the tetrachloro-
ferrate(III). Exposure of an acetonitrile solution of tri-
chloroiron(IIl) to alkyl radicals afforded excellent yields
of the corresponding alkyl chlorides from methyl, ethyl,
and isopropyl radicals (eq 14). Since tert-butyl chloride

R- + FelllCl, RCl + FellCl, (14)

(12)

MeCN

(14) Ingold, K. U. “Free Radicals”; Kochi, J. K., Ed.; Wiley: New
York, 1973; Vol. 1, p 37.
(15) Rollick, K. L. Ph.D. Dissertation, Indiana University.

Table III. Rates of Oxidation of Alkyl Radicals by
Trichloroiron(III) Relative to Bromine Atom
Transfer from Bromotrichloromethane?

alkyl log

radical source? Rotkge Ro/kar
methyl Me,Pb 3.6+0.3 0.56
ethyl Et,Pb 1.2+ 0.1 0.08
isopropyl i-Pr,Sn 1.0+ 0.1 0.0

% In acetonitrile at 0 °C under pseudo-first-order condi-
tions. ® See Experimental Section for method. ¢ See
Scheme II. Error limits represent one standard deviation,
at the 95% confidence level, of the relative rates measured
based on total iron(III).

Log (k/kg,)
L o
T

(K\

o o

(9] O

«b—, 04—

.

Figure 3. Reactivity pattern for the oxidation of various alkyl
radicals by tetrachloroferrate(III) (®) and trichloroiron(II) (®)
in acetonitrile solution plotted as k¢)/ kg, and k/ kg, respectively,
and the ionization potential of the alkyl radical.

was shown to be unstable under these reaction conditions,
the primary product(s) could not be ascertained from the
reaction of tert-butyl radical with trichloroiron(III). Only
a mixture of isobutylene and N-tert-butylacetamide was
obtained. [Note that independent studies have established
the ready formation of tert-butyl cations from tert-butyl
chloride with FeCl, in acetonitrile.!]

The overall rate of the homolytic reduction of tri-
chloroiron(III) in acetonitrile (eq 14) was determined by
the same competition method described above for tetra-
chloroferrate(IIl) (Scheme II). The ratios of rate constants
k'c1/kp; in Scheme II are listed in Table III for various alkyl
radicals.

Scheme I1
N
R- + FeCl; —> RCl + FeCl, (15)
k r
R- + BrCCl; —> RBr + CL,C- (16)

C. Comparison of Tetrachloroferrate(III) and
Trichloroiron(III). The efficient reduction of both
tetrachloroferrate(IIl) and trichloroiron(III) by alkyl rad-
icals is qualitatively reflected in the uniformly high yields
of alkyl chlorides which are obtained. Figure 3 compares

(16) The synthesis of amides and amidines with tert-butyl chloride
employs FeCl; in acetonitrile [Fuks, R. Tetrahedron 1973, 29, 2147].
Note that tert-butyl chloride is stable in the presence of FeCl,".
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Table IV. Rate Constants for the Reduction of Various Iron(III) Species by Alkyl Radicals
Relative to Bromine Atom Transfer from BrCCl, ¢

relative rate constant®

E, Vvs,
iron(III) species SCE oxidation process CH,- CH,CH,- (CH,),CH- (CH,),C:
FeCl,~ ~0.08 chlorine transfer (eq 18)¢ 0.14 0.19 0.24 1.9
FeCl,(NCMe),,* 0.10 chlorine transfer (eq 19)¢ 3.6 1.2 1.0
Fe(phen) 3* 0.98 electron transfer (eq 1)¢ <0.1 0.1 12 36
Fe(phen),3* 0.98 aromatic substitution (eq 2)¢ 2.2 1 <0.1
4 In acetonitrile solution. ? Equations refer to text. ¢ Measured with respect to BrCCl, as donor (kg,), for FeCl,” from

Table I, for FeCl,(NCMe),* from Table III, for Fe(phen)?* from ref 4. ¢ At 0°C. ¢ At 25°C.

the relative rates of oxidation of these radicals by the two
types of chloroiron(III) complexes. Several features are
noteworthy in these quantitative comparisons. First, the
rates of reduction of trichloroiron(III) are uniformly faster
than those of tetrachloroferrate(III) by the same alkyl
radical—the factor being more than 25 for methyl radical.
Second, tetrachloroferrate(IIT) and trichloroiron(III) show
divergent reactivity patterns for the various alkyl radicals.
Thus the relative rates of reduction of tetrachloro-
ferrate(III) increase on proceeding from methyl to ethyl
to isopropyl radical, whereas the opposite trend pertains
to the reduction of trichloroiron(III). Such differences
indicate that different chloroiron(III) species are involved
in the reaction of alkyl radicals with tetrachloroferrate(III)
and trichloroiron(III) in solution.

A variety of chloroiron(III) species are known to exist
in equilibrium with each other, both in aqueous as well as
in nonaqueous solutions.!” Among these, the tetrahedral
tetrachloroferrate(IIl) ion is one of the most stable, and
it probably remains intact when Et,NFeCl, is dissolved
in acetonitrile.'®* By contrast, there is spectroscopic evi-
dence that the dissolution of trichloroiron(III) in polar
aprotic solvents such as dimethylacetamide (S) results in
complete ionization according to eq 17.1% A similar ion-

2FeCl, < FeClL,S,* + FeCl,” am

ization has been suggested to occur in acetonitrile.’® Cyclic
voltammetric studies of tetrachloroferrate(III) and tri-
chloroiron(III) in acetonitrile also support this formulation.
Thus tetrachloroferrate(III) shows a single quasi-reversible
wave at E = —0.08 V vs. SCE, as shown in Figure 4a. The
initial negative scan cyclic voltammogram of an acetonitrile
solution of trichloroiron(IIl) in Figure 4b consists of a pair
of partially resolved waves, the first of which occurs at the
same potential as that of tetrachloroferrate(III). The
second wave, which is displaced to a more positive po-
tential, is consistent with FeCl,S,*, since it coincides with
the quasi-reversible wave at £ = 0.10 V, obtained in the
cyclic voltammogram of dichloroiron(II) shown in Figure
4c¢ (S = acetonitrile). Although such an analysis provides
a consistent picture of the major chloroiron(III) species
extant in solution, it cannot rigorously establish the par-
ticular chloroiron(III) species actually involved in the ox-
idation of an alkyl radical.? Nonetheless, let us for the
moment assume that FeCl,” and FeCl,S,* are indeed the
principal chloroiron(III) species responsible for the oxi-
dation of alkyl radicals with tetrachloroferrate(III) and
trichloroiron(III), respectively. The opposite trends in

(17) See, e.g., ref 7, p 753 ff. Benner, L. S.; Root, C. A. Inorg. Chem.
1972, 11, 652. Work, R. A, IIl; McDonald, R. L. Ibid. 1973, 12, 1936.
Luter, M. D.; Wertz, D. L. J. Phys. Chem. 1981, 85, 3543.

(18) Drago, R. S.; Carlson, R. L.; Purcell, K. F. Inorg. Chem. 1965, 4,
15.
(19) Purcell, K. F.; Kotz, J. C. “Inorganic Chemistry”, W. B. Saunders
Co.: Philadelphia, 1977; p 235 ff and references therein.

(20) For example, a minor species may be more reactive than a major
species.

E, V vs SCE

6 4 2 0 -2
a.FeCly %

b. Fehﬁ
.G Feczj
i

Figure 4. Initial scan cyclic voltammograms of (a) tetraethyl-
ammonium tetrachloroferrate(III), (b) trichloroiron(III), and (c)
dichloroiron(II) in acetonitrile containing 0.1 M tetraethyl-
ammonium perchlorate: sweep rate of 100 mV s for a and b and
40 mV s7! for c.

Figure 3 then provide for interesting speculations about
different mechanisms of alkyl oxidation. For example, it
is possible that FeCl, is reduced by a direct attack of the
alkyl radical on the chloro ligand via a bridged activated
complex, similar to that presented earlier for a variety of
homolytic reactions with metai chlorides,? i.e., eq 18. The

R. + FeCl; — [ClFe-Cl-R]* — FeCl,” + RCl  (18)

opposite trend in the behavior of FeCl,S,* may be at-
tributed to an oxidative addition of the alkyl radical to the
metal center followed by reductive elimination, i.e., Scheme
III. Such a two-step mechanism proceeding via an orga-

Scheme II1
FeCLS,* + R- — RFeCLS,* (19)
RFeCl,S,* — RC1 + FeCIS,* (20)

noiron(IV) intermediate is akin to that recently presented
for the oxidation of methyl radicals by iron porphyrins.2
Indeed both classes of homolytic mechanisms have been
previously elaborated in connection with the oxidations
of alkyl radicals by various chlorocopper(ll) species.?®
Whether radical attack occurs on the ligand or at the
metal, the reduction potential of the complex is an im-
portant consideration. Accordingly, let us briefly consider
this factor in a broader context.

(21) (a) Kochi, J. K. Science (Washington, D.C.) 1967, 155, 415. (b)
At this juncture, we are unable to define the concertedness of this ho-
molytic process. (c) See: Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc.
1972, 94, 856 for several mechanisms of chlorine atom transfer.

(22) Brault, D.; Neta, P. J. Am. Chem. Soc. 1981, 103, 2705.

(23) (a) Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 843
and ref 21c. (b) For equilibria among chlorocuprates(Il), see: Smith, D.
W. Coord. Chem. Rev. 1976, 21, 93.
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D. Reduction Potentials of Iron(III) Complexes
and the Rates of Oxidation of Alkyl Radicals. The
competition experiments in Tables II and III provide rate
constants for the reduction of the chloroiron(III) species
in eq 18 and 19 relative to bromine atom transfer from
bromotrichloromethane.?* These relative rate constants
can be compared directly with those obtained in the earlier
study* of alkyl oxidation by tris(phenanthroline)iron(III)
according to eq 1 and 2, since they were carried out under
comparable conditions. The relative rate constants for all
four processes are relisted in Table IV for convenience.
Indeed such a tabulation allows a ready comparison of the
reactivity of various alkyl radicals.?> For example, there
is clearly no relationship between reactivity and the re-
duction potential of the iron(III) species. Next, the trend
in reactivity for trichloroiron(III) is closer to that for the
inner-sphere aromatic substitution in eq 2 for Fe(phen);**
than it is for FeCl,”, despite the commonality in the
chlorine atom transfer in eq 10 and 14. It is also note-
worthy that carbonium ion formation with Fe(phen);** in
eq 1 shows an unusually steep reactivity pattern, as ex-
pected for an outer-sphere electron-transfer process.? In
order to establish the mechanistic significance of these
reactivity patterns, however, further studies of chloro-
iron(III) species are particularly desirable.

Experimental Section

Materials. Preparation of (phen),Fe(CN),C10,. Following
the procedure of Schilt, a 0.1 M aqueous solution of (phen);FeSO,
(25 mL) was heated until nearly boiling. A fresh solution of KCN
(10 g in 10 mL of H,0) was added all at once, stirred and the
solution left to cool. The dark violet crystals were collected and
dried in vacuo; yield 4.5 g (90%). A suspension of 2 g of
(phen),Fe(CN), in 200 mL of 1 M HCI was oxidized by bubbling
chlorine gas into the hot suspension until a clear, purple solution
was obtained. To this was added 4 g of NaClO, in 50 mL of H,0,
and the product was allowed to crystallize. The product was
collected and dried in vacuo at room temperature; yield 2.0 g
(91%). Fe(H,0)¢(C10,); was nonyellow reagent grade material
from G. F. Smith Co. Et,N FeCl,. FeCl;-6H,0 (5.4 g, 0.02 mol)
(Mallinckrodt) was dissolved in 95% ethanol. Two milliliters each
of concentrated HCI and 30% H,0, were added. After the solution
was stirred for 30 min, a concentrated solution of Et,N*CI~H,0
(Aldrich) in ethanol was added. The mixture was cooled in an
ice bath, filtered, and rinsed with ethanol. The collected pre-
cipitate was then recrystallized from boiling absolute ethanol and
dried in vacuo.?’ FeCly1.5THF.2? Dry HCl was passed into
a flask containing iron powder (Glidden) and 100 mL of anhydrous
tetrahydrofuran (THF) at 0 °C with stirring provided by a me-
chanical stirrer. When all the iron metal disappeared, the HC]
was shut off and the precipitate collected by filtration under argon.
The product was washed with THF, dried in vacuo at room
temperature, and stored under argon. FeCl; (anhydrous) was
obtained from Matheson, Coleman and Bell as reagent grade
material and used without further purification.

(24) For convenience we continue to assume here that eq 18 and 19
apply to tetrachloroferrate(III) and trichloroiron(III) solutions.

(25) (a) The absolute rate constants k¢, and &', for eq 10 and 15 can
be obtained by multiplying the relative rate constants in Table IV by the
values of kg,. Unfortunately, kg, has only been evaluated for methyl
radicals in the gas phase [kg, = 6.9 X 10° M~! 57! at 65 °C and 2.0 X 10°
M-1s!at 0°C). Macken, K. V.; Sidebottom, H. W. Int. J. Chem. Kinet.
1979, 11, 511. For estimates of kg, for other alkyl radicals, see ref 4. (b)
The relative rates in each column of Table IV are directly comparable
since the value of kg, would be the same.

(26) (a) Fukuzumi, S.; Wong, C. L.; Kochi, J. K. J. Am. Chem. Soc.
1980, 102, 2928. (b) The steepness of trend in the relative reactivities is
a measure of the sensitivity of iron(IIl) oxidation to changes in the ion-
ization potential of the alkyl radical. Thus a comparison of the slopes
is a meaningful measure of the reactivities of different iron(III) complexes
in various alkyl oxidations.

(27) Gill, N. S. J. Chem. Soc. 1961, 3512,

(28) Aresta, M.; Nobile, C. F.; Petruzzelli, D. Inorg. Chem. 1977, 16,
1817.

Rollick and Kochi

The organometals tetramethyllead, tetraethyllead, tetraethyltin,
tetraisopropyltin tert-butyltrimethyltin, and related compounds
were obtained from previous studies. 2% Acetyl peroxide was
prepared following the procedure of Slagle and Shine.®® The
tert-alkyl peroxyacetate were prepared as previously described.?2
Preparation of Triptyl Peroxyacetate.’. Triptyl hydroper-
oxide (1.32 g, 0.01 mol) was dissolved in 20 mL of pentane, and
0.8 mL (0.01 mol) of freshly distilled acetyl chloride was added.
After the solution was cooled to 0 °C, 1 mL of pyridine was added
with stirring and the reaction allowed to sit at 20 °C for 4 h. The
mixture was poured into cold, dilute HCl. The organic layer was
separated and washed with cold, dilute HCI and then with
NaHCO;. It was dried over MgSO, and most of the solvent
removed in vacuo. Vacuum distillation yielded 0.98 g (56%) of
perester: bp 42-43 °C (0.5 mm); IR 1770 cm™; NMR 4 2.04 (s,
3 H), 1.27 (s, 6 H), 1.00 (s, 9 H).

Authentic samples of the alkyl isocyanides pertinent to this
study were synthesized for comparison. Methyl isocyanide, iso-
propyl isocyanide, and tert-butyl isocyanide were prepared from
methylamine, isopropylamine, and tert-butylamine, respectively,
by using the phase-transfer method of Weber, Gokel, et al.3® Ethyl
isocyanide was prepared from ethyl iodide and silver cyanide.

Reagent grade acetonitrile (Mallinckrodt Chem. Co.) was pu-
rified by fractional distillation from calcium hydride. It was stirred
with a mixture of KMnO, and Na,COj, (10 g of each L) for 24
h and then filtered. After bulb-to-bulb distillation, it was re-
distilled from P,0;, followed by CaH,. Acetonitrile obtained in
this manner did not reduce (phen);Fe(PFg);.

Production of Alkyl Radicals for Reaction with Iron(III)
Complexes. The various alkyl radicals required for these oxi-
dative studies were generated in acetonitrile solutions inde-
pendently by two general procedures. For example, alkylmetals
spontaneously liberate alkyl radicals upon iron(III) oxidation, as
illustrated by the two-step process in Scheme IV for tetraethyltin,®

Scheme IV
Et,Sn + Fell - Et,Sn*. + Fell (21)
EtSn* —% Et,Sn* + Et (22)

The subsequent oxidation of alkyl radicals by iron(III) as in eq
1, 2, 8-10, and 14 leads to an overall consumption of 2 equiv of
iron(III) for each alkylmetal. General procedures for the use of
trichloroiron(IIl), tetrachloroferrate(III), and dicyanobis(phen-
anthroline)iron(IIT) are described below.

Procedure for Trichloroiron(III). A stock solution of tri-
chloroiron(III) in acetonitrile was prepared by dissolving 11 g of
anhydrous FeCl; (Matheson) in 170 mL of dry, oxygen-free
acetonitrile. The solution was filtered under argon to remove some
insoluble material, and the iron(III) was determined iodometri-
cally. Chloride was determined gravimetrically as silver chloride:
found 3.11 CI"/Fe(IlI). A 25-mL flask containing a magnetic stir
bar was sealed with a serum cap and flushed with argon for 20
min. Subsequently, 5.00 mL of 0.37 M FeCl; in CH;CN, the
desired volume of BrCCl,, and sufficient CH4CN to bring the
volume to 9.0 mL were added. The flasks were equilibrated at
0 °C for 30 min, and 1 X 10 mol MePb in 1.00 mL of CH,CN
was added. The reactions were stirred at 0 °C for 10 h and
analyzed by gas chromatography on a 10 ft X !/g in DBTCP
column. Et,Pb and i-PrSn were treated similarly, but the
reaction time was reduced to 2 h. Alkyl halides were analyzed
on a 6 ft X !/ in. column of FFAP and the olefins on a 10 ft X
/g in. column of DBTCP.

Procedure for Tetrachloroferrate(III). A 25-mL flask
containing 0.66 g (2.00 mmol) of Et,NFeCl, and a stir bar was
sealed with a serum cap and flushed with argon for 20 min. The

(29) Wong, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1979, 101, 5593.

(30) Slagle, J. R.; Shine, H. J. J. Org. Chem. 1959, 24, 107.

(31) Hedaya, E.; Winstein, S. J. Am. Chem. Soc. 1967, 89, 1661.

(32) Compare with other peresters. Singer, L. A. In “Organic Per-
oxides”; Swern, D.; Ed.; Wiley: New York, 1970; Vol. 1, p 273.

(33) Weber, W. P.; Gokel, G. W.; Ugi, 1. K. Angew. Chem., Int. Ed.
Engl. 1972, 11, 530. Gokel, G. W.; Widera, R. P.; Weber, W. P. Org.
Synth. 1976, 55, 96.

(34) Jackson, H. L.; McKusick, B. C. “Organic Syntheses”; Wiley: New
York, 1963; Coll. Vol. 4; p 438.
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Table V. Chlorine Atom Transfer from Trichloroiron(III) and Tetrachloroferrate(III) to

Alkyl Radicals:® Some

Typical Examples

product, umol

radical R- source CIFelll additive RH R (-H) RCl RBr
CH,. Me,Pb FeCl, 0 <0.1 121 0
Me,Pb FeCl, BrCCl, ® 54 77
perox€ FeCl,~ BrCCl, ¢ 11 42
CH,CH, Et,Pb FeCl, 0 <0.1 <0.1 219 0
Et.Pb FeCl,” 0 <0.04 . <0.04 80 0
Et,Pb FeCl,~ BrCCj, ¢ <0.04 13 34
perox’ FeCl, BrCCl, ® <0.04 11 26
(CH,),CH- i-Pr,Sn FeCl, 0 <0.1 0.7 108 0
i-PrigMe FeCl.- BrCCl, # <0.1 ~5 2
perox " FeCl, BrCCl, # <0.1 59! 10
(CH,),C- perox/ FeCl, BrCCl, * 4.5 70 6
perox’ FeCl, BrCCl, ™ 3.5 30" 30.

@ In 10-mL acetonitrile solution with ~2 X 10™* mol ClFe!I and ~1 X 107* mol alkylmetal at 0 °C, unless stated other-
wise. ® 0.92M, ¢ 50umol of acetyl peroxide. 2 0.05M. € 0.10 M. 7 tert-Amyl peracetate. ¢ 0.01 M. " 2,3-Dimethyl-
2-butyl peracetate. ! 70 umol of acetone formed. 7 Triptyl peracetate. * 0.02 M. ! 73 umol of acetone formed. ™ 0.5

M. " 66 umol of acetone and 33 umol of CCl, formed.

desired volume of BrCCl; was added, followed by sufficient
CH4CN to bring the volume to 9.0 mL. After equilibration in
an ice bath for 30 min, 50 umol of the organometal in 1.00 mL
of CH,CN was added. The reactions were stirred at 0 °C for 10-24
h and analyzed by gas chromatography using a 6 ft X !/; in.
column of FFAP for the alkyl halides and a 10 ft X !/g in. column
of DBTCP for olefins.

The behavior of alkyl radicals generated from organometals
(Scheme IV) and those produced from peroxides (Scheme V, vide
infra) could not be distinguished in their interaction with either
the cyanoiron(III) complex or the chloroiron(III) species (Table
V) examined in this study. Furthermore, the kinetic studies
carried out under similar conditions on other iron(III) complexes*5
support the conclusion that the metal fragment produced in
Scheme IV is innocent. )

Procedure for Dicyanobis(phenanthroline)iron(III). The
iron(IIT) complex (NC),Fe(phen),PFq (0.25 g, 400 umol) was
weighed into a flask which was then sealed with a rubber septum
and purged with argon. Acetonitrile (25 mL, O, free) was added
with the aid of a hypodermic syringe. To this solution was added
the organometal (220 umol) dissolved in 5 mL of acetonitrile. After
the solution was stirred for 3 min, the iron complex precipitated;
but continued stirring for 8 h resulted in complete dissolution
of this material. Gas chromatographic analyses were carried out
on a Varian Model 3700 chromatograph using a 30-m glass ca-
pillary column of Carbowax 20 M at an injection port temperature
of 300 °C and a column temperature of 60 °C for MeNC (4.01
min}), EtNC (4.10 min), i-PrNC (4.33 min), and ¢-BuNC (4.63 min).
The analysis of the alkenes, N-alkylacetamides, and alcohols was
carried out as previously described.* No alkylcyanide was observed
with the exception of a small amount of pivalonitrile (~2%)
detected from tert-butyl radicals. The isomerization of tert-butyl
isocyanide to pivalonitrile is known to be induced by tert-butyl
carbonium ions.?®

The isolation of the isocyanide complex (CH;NC)(NC)Fe-
(phen),PF, derived from tetramethyllead was carried out by
evaporation of the solvent in vacuo until a solid residue was
obtained. A portion of the solid was dissolved in nitromethane,
and the mixture chromatographed on a 1 m X 25 mm column
packed with 100-200 mesh silica gel which was deactivated by
stirring a nitromethane slurry with 10% water. The compound
moved through the column as a distinct orange band with ni-
tromethane as the eluant and was isolated as red-orange crystals.
It moved as a single spot upon thin-layer chromatography (R, 0.3).
The aromatic region of the 'H NMR spectrum of (CH;NC)-
(NC)Fe(phen),PFg in CD4CN consisted of multiplets at 6 9.85 (1
H), 9.66 (1 H), 8.73 (2 H), 8.47 (2 H), 8.13 (4 H), 7.99 (2 H), and
7.43 (4 H) relative to the methyl resonance at 6 3.48 (3 H), using
nitromethane as the internal standard. Another portion of the
solid was dissolved in concentrated H;SO,. The solution was then
diluted fivefold with water and heated to reflux until colorless.

(35) Saegusa, T.; Takaishi, N.; Ito, Y. J. Org. Chem. 1969, 34, 4040.

The acidic solution was neutralized with NaOH and warmed until
no red color of (phen);Fe3* was apparent. It was extracted with
methylene chloride, from which phenanthroline could be recovered
in essentially quantitative yields. The 'H NMR spectrum of the
recovered phenanthroline fraction in methylene chloride showed
no methyl resonance (<1%) at § 2.3-3.3, indicative of the presence
of a methylphenanthroline fraction.®

Ethyl, isopropyl, and tert-butyl radicals were generated for the
reactions with (NC),Fe(phen),PFg by a similar procedure from
Et,Pb, i-PrSnMes, and ¢t-BuSnMe;, respectively.

The alternative procedure employed for the production of alkyl
radicals in the presence of iron(III) complexes involved the
catalytic decomposition of peroxides.® Thus alkyl radicals can
be generated from the iron(II) reduction of peroxides such as the
archetypal tert-amyl peracetate in Scheme V. Acetone and ethyl

Scheme V
AcOOC(CH,),Et + Fell - AcOFe!l + Et(CHy),CO- (23)

fast

Et(CHy),CO- —= (CH,),CO + Et. (24)

radicals were formed in equimolar yields.!® This procedure is
catalytic since the iron(II) species is regenerated during the
subsequent oxidation of alkyl radicals by iron(III) (compare eq
1,2, 10, and 14). The essential mechanism in Scheme V has been
discussed in detail for copper catalysis.”” As applied to tetra-
chloroferrate(IIl), the reaction flask containing 2.00 mmol of
Et,NFeCl, was treated with 8 mL of acetonitrile. A solution of
the peroxide in acetonitrile was prepared under argon at 0 °C,
and 1.00 mL was added to the flask at 0 °C with the aid of a
hypodermic syringe with a platinum needle. A 1.00-mL aliquot
of CH,;CN containing 1 X 107 mol of FeCl,1.5THF was added,
and the reactions stirred at 0 °C for 2-3 h. Analyses were carried
out as described above.

Oxidation of Ethyl Radicals by Aquoiron(III) Species.
Ethyl radical derived from oxidation of tetraethyllead by Fe-
(H;0)4(C10,); in acetonitrile afforded a mixture of products in-
cluding ethylene, ethanol, and N-ethylacetamide. As shown in
Table VI, the yield of ethanol increased, at the expense of the
ethylene and N-ethylacetamide, upon the dilution of acetonitrile
with water. A maximum of 25% water (vol %) was added, owing
to the limited solubility of Et,Pb.

The experiments were carried out with nonyellow [Fe(H,-
0)6](C10,); (1.84 g, 4.00 mmol) (G. F. Smith) placed in a 25-mL
flask with a magnetic stir bar. The flask was sealed with a serum
cap and flushed with argon for 20 min. The desired volume of
degassed, distilled water and sufficient CH;CN to bring the volume
to 15 mL were added. Subsequently, 200 uL (1.0 mmol) of Et,Pb
was added, and the reaction was stirred at room temperature for

(36) Cf. Sosnovsky, G.; Rawlinson, D. J. “Organic Peroxides”; Swern,
D., Ed.; Wiley: New York, 1970; Vol. 1, Chapter 10.

(37) Kochi, J. K. Tetrahedron 1962, 18, 483. Kochi, J. K.; Bemis, A.
Ibid. 1968, 24, 5099.





732

Table VI. Oxidation of Ethyl Radical by Fe®*(aq) in

Acetonitrile-Water Mixtures®

ethyl products, mmol

H,0% EtH Et(-H) EtOH EtNHAc
0 0.16 0.09 0.51 0.30
10 0.565 0.04 0.71 trace€
254 0.41 0.01 0.80 trace®

2 Reactions carried out with 4.0 mmol of Fe(H,0),-
(C10,), and 1.0 mmol of Et,Pb in 15 mL of solvent at 22
°C. ¥'Volume %. © <0.05 mmol. ¢ Et,Pb not com-
pletely dissolved.

8 h. Ethane and ethylene were determined by gas chromatography
using a 2 ft X !/4 in. column of Porapak Q. Ethanol was analyzed
onabft X1/gin. column of Porapak Q. A 3 ft X !/ in. column
of FFAP was used for the analysis of N-ethylacetamide.

The results in Table VI indicate that ethyl radicals are readily
oxidized by iron(IIl) in either acetonitrile or aqueous acetonitrile
solutions to afford high yields of N-ethylacetamide and/or ethyl
alcohol. Such an oxidation can proceed by either electron transfer
to afford an ethyl cation or by an associative process involving

Organometallics 1982, 1, 732-739

an ethyliron(IV) intermediate.® These mechanisms bear critically
on other oxidations such as those utilizing the Fenton’s reagent®
and merit further study.

Acknowledgment. We wish to thank the National
Science Foundation for financial support and W. Lau for
help with the spectral measurements.

Registry No. (NC),Fe(phen),, 15362-08-0; CHyNC(NC)Fe-
(phen),PFg, 80925-96-8; (CH3;NC),Fe(phen),(PFy),, 49664-77-9;
CH;NC, 75-05-8; (NC),Fe(phen),PFg, 80925-97-9; Fe(H,0)4(C10,)s,
32963-81-8; FeCl,", 14946-92-0; FeCl,, 7705-08-0; FeCl,, 7758-94-3;
FeCl,*, 15905-98-3; CHy, 2229-07-4; CH,CH,, 2025-56-1; (CHy),CH-,
2025-55-0; (CH3)3C-, 14804-25-2.

(38) At this juncture, the source of the increasing yields of ethane with
water concentration is somewhat ambiguous. A reviewer has indicated
that Et,Pb does not undergo unassisted hydrolysis by water at any ap-
preciable rate. However, the formation of ethyl alcohol and N-ethyl-
acetamide does generate an equivalent of acid, which could lead to an
enhanced rate of protonolysis. Alternatively, ethane may arise from the
hydrolysis of a putative organoiron intermediate; as suggested by the
reviewer.

(39) Walling, C. Acc. Chem. Res. 1975, 8, 125.
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Unsaturated metallacycles such as (7?-CsH;)Co(R—N=N—N==N—R), where R = alkyl or aryl, offer
the possibility of r-delocalized bonding. Xea calculations predict that two d= electrons on the (35-C;H;)Co
fragment should strongly interact with an empty low-lying 7* orbital of the tetraazadiene ligand to yield
metallacycle 7 and #* orbitals. A single-crystal X-ray diffraction study at —150 °C of the R = C4F; derivative

provides direct evidence of the r-acceptor abilities of the RN,R ligand. The Co[(N(1)N(2)N(3)N{4)] ring
is planar and exhibits unusually short Co-N(1) and Co-N(4) distances of 1.802 (2) and 1.819 (2) A,
respectively, indicative of multiple-bond character. The short N(2)-N(3) bond [1.279 (2) A] and long
N(1)-N(2) [1.360 (2) A] and N(3)-N(4) [1.355 (2) A] bonds demonstrate that = back-bonding has altered
the pattern of unsaturated bonds in the tetraazadiene chelate. Electronic absorption spectra of (-
CsH;)Co(RN,R) [R = CHj;, CsH;, CqF5, 2,4-Fy,CgHj, 2,6-(CH3),CeH,] display three bands characteristic of
the cobalt-tetraazadiene ring: Ap,,! (¢), 600-670 nm (300-700); Ayey? (€), 425-470 nm (5000-9000); Apay®
(¢}, 335—-390 nm (<4000). These absorptions are attributed to one-electron transitions that terminate in
the low-lying metallacycle 7* orbital. Crystals of C,;Hs;CoF(N,!/,CeH; at —150 °C are monoclinic, space
group P2,/¢, with four formula units in a cell of dimensions a = 8.612 (4) &, b = 22.687 (12) &, ¢ = 9.820
(6) A, and 8 = 91.58 (2)°. Least-squares refinement of 315 variables has led to a final value of the R index
on F* of 0.047 for 5367 observations; the conventional R index on F is 0.033 for 4313 observations having

F2> 30(F.2).

Introduction
Partially occupied = orbitals on a metal atom and un-
saturated chelate permit the formulation of a (4n + 2)
w-electron ring. Six electron systems such as I, where M
M

M
NN DN VR
TNO)TR T T
—N C~C
' /N
1 R R
I

is (7%-CsH;)Co, Fe(CO);, or some other d® moiety have
attracted our attention.!? The available structural data

(1) (a) Gross, M. E.; Trogler, W. C.; Ibers, J. A. J. Am. Chem. Soc.
1981, 103, 192-193. (b) Gross, M. E,; Trogler, W. C. J. Organomet. Chem.
1981, 209, 407-414. (c) Gross, M. E.; Ibers, J. A.; Trogler, W. C., Orga-
nomet., in press. (d) Gross, M. E.; Trogler, W. C., submitted for publi-
cation.
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for metallacyclopentadiene complexes, MC,R, (II), indicate
little delocalization of the m-electron system;® extended
Hickel molecular orbital calculations support these ob-
servations.* Delocalized electronic structures have been
proposed for heterocycles of the type MC,R,X,, X = S,
NR’ (III), on the basis of structure determinations and
spectroscopic data.5® Further heteroatom substitution

(2) (a) Trogler, W. C.; Johnson, C. E.; Ellis, D. E. Inorg. Chem. 1981,
20, 980~986. (b) Johnson, C. E.; Trogler, W. C. J. Am. Chem. Soc. 1981,
103, 6352-6358. (c) Johnson, C. E.; Trogler, W. C. Inorg. Chem., 1981,
21, 427-429. (d)-Chang, C.-Y.; Johnson, C. E.; Richmond, T. G.; Chen,
Y.-T.; Trogler, W. C.; Basolo, F. Ibid 1981, 20, 3167-3172.

(3) See, for example: (a) Suzuki, H.; Itoh, K.; Ishii, Y.; Simon, K,;
Ibers, J. A. J. Am. Chem. Soc. 1976, 98, 8494-8500 and references therein.
(b) Yamazaki, H.; Wakatsuki, Y. J. Organomet. Chem. 1977, 139,
157-167. (c) Collman, J. P.; Kang, J. W; Little, W. F.; Sullivan, M. F.
Inorg. Chem. 1968, 7, 1298-1303.

(4) Thorn, D. L.; Hoffmann, R. Nouv. J. Chim. 1979, 3, 39-45.
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Cyclopentadienylcobalt 1,4-Diaryltetraazadienes

I

of MC,R,N,, yields the nitrogen-based metallatetraazadiene
complexes, MN,R, (I), which have received surprisingly
little attention.”¥ Complete = delocalization in the
metallatetraazadiene moiety, as reflected by equalization
of the N-N bonds, might follow a pattern of greater de-
localization with increasing heteroatom substitution. The
remarkable thermal stability of d® metallatetraazadiene
complexes (the metal-free tetraazadiene molecule is not
known) may be one consequence of such delocalization.
The few structural determinations of metallatetraazadienes
exhibit differing degrees of =-bond delocalization.8%12 The
RN/R chelates in complexes of type I belong to a class of
suspect ligands that may assume configurations ranging
from the 1,3-diene, as in structure 1, to the reduced 2-ene,
as in structure 2.

Experimental Section

The complexes (n*-CsHz)Co(RN,R), R = CH; (IVa), CgH; (IVh),
CeFs (IVe), 2,4-F,CeH, (IVd), 2,6-(CHy),CH; (IVe), were prepared
from (n°-CzH;)Co(CO), and RN, by previously described proce-
dures.!®44 Absorption spectra were recorded at room temperature
in solution and at 77 K in 2-methylpentane glasses on a Per-
kin-Elmer 320 spectrophotometer. Dark green crystals, suitable
for X-ray diffraction study, were grown by slow evaporation of
a benzene solution of IVe.

X-ray Data Collection for (n°-CsH;)Co(CFN,CF)!/,CoHe.
Preliminary room-temperature X-ray photographic data showed
the crystal to be monoclinic with systematic extinctions (h0!, [
= 2n + 1; 0RO, k = 2n + 1) consistent with the space group
C5,—P2,/c.

Data collection was carried out on a four-circle, computer-
controlled Picker FACS-1 diffractometer with the crystal at —150
°C.15 The crystal of rectangular prismatic habit had the eight
faces {110}, {010}, and {001}, with distances between members of
the forms of 0.348, 0.372, 0.464, and 0.740 mm and a volume of
0.102 mm?®, Unit-cell dimensions were determined by a least-
squares analysis of the angular positions of 15 hand-centered
reflections!® at 150 °C in diverse regions of reciprocal space (25°

(5) {(a) Schrauzer, G. N. Acc. Chem. Res. 1969, 2, 72-80. (b) McClev-
erty, J. A. Prog. Inorg. Chem. 1968, 10, 49-221. (c) Shupack, S. L; Billig,
E,; Clark, R. J. H.; Williams, R.; Gray, H. B. J. Am. Chem. Soc. 1964, 86,
4594-4602.

(6) (a) Krumbholz, P. Struct. Bonding (Berlin) 1971, 9, 139-174. (b)
Bayer, E. Angew. Chem., Int. Ed. Engl. 1964, 3, 325-332. (c) Figgins, P.
E.; Busch, D. H. J. Am. Chem. Soc. 1960, 82, 820-824.

(7) Dekker, M.; Knox, G. R. Chem. Commun. 1967, 1243-1244.

(8) Doedens, R. J. Chem. Commun. 1968, 1271-1272.

(9) Einstein, F. W. B,; Sutton, D. Inorg. Chem. 1972, 11, 2827-2831.

(10) Ashley-Smith, J.; Green, M.; Stone, F. G. A. J. Chem. Soc., Dalton
Trans. 1971, 1805-1809.

(11) Cenini, S.; Fantucci, P.; La Monica, G. Inorg. Chim. Acta 1975,
13, 243-245. La Monica, G.; Sandrini, P.; Zingales, Z.; Cenini, S. J.
Organomet. Chem. 1978, 50, 287-296. Beck, W.; Bauder, M.; La Monica,
G.; Cenini, S.; Ugo, R. J. Chem. Soc. A 1971, 113-118.

(12) Overbosch, P.; van Koten, G.; Overbeek, 0. J. Am. Chem. Soc.
1980, 102, 2091-2093.

(13) Overbosch, P.; van Koten, G.; Vrieze, K. J. Organomet. Chem.
1981, 208, C21-C24.

(14) Otsuka, S.; Nakamura, A. Inorg. Chem. 1968, 7, 2542-2544.

(15) The design of the low-temperature apparatus is from: Huffman,
J. C., Ph.D. Thesis, Indiana University, 1974.
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=< 20(M0 Kdl) < 340). The Complex CI7H5COF10N4'1/QCGHG,
molecular weight 553.23 amu, crystallizes at —150 °C with four
formula units in a cell of dimensions a = 8.612 (4) &, b = 22.687
(12) A, ¢ = 9.820 (6) A, 8 = 91.58(2)°, V = 1918 A?, p pq = 1.71
(2) g/em® (25 °C), and pegeq = 1.796 g/cm?® (-150 °C).

Data collection was carried out by using techniques standard
in this laboratory,'® employing monochromatized Mo K« radiation
(AM(Mo Ka;) = 0.70930 A). Intensities for reflections £h,+k,+!
were measured in the range 3.5° < 26 < 59°. A scan speed of
2° /min in 20 ranging from 1.5° below Ka, to 1.0° above Ka, for
3.5° < 26 < 33° and 1.1° below Ko, to 1.0° above Ko, for 26 >
33° was employed. The takeoff angle was 3.2°. Of the 5367 unique
reflections collected, 4313 had F,2 > 3¢(F.?). An absorption
correction was applied to the data with the use of an absorption
coefficient of 9.4 cm™L; resultant transmission factors fell in the
range 0.659-0.741.

Solution and Refinement of the Structure. The cobalt
atom was located readily from an origin-removed Patterson
gynthesis, and all remaining nonhydrogen and hydrogen atoms
were located by Fourier methods. The usual procedure for re-
finement was employed.'”?

The benzene solvate, located at an inversion center (0,!/5,0),
was treated throughout as a planar rigid body with uniform C-C
distances of 1.392 A and idealized Dy, symmetry. The positions
of the hydrogen atoms of the benzene solvate were determined
from a C~-H distance of 1.00 A. The function Yw(F,2 - F2?)? was
minimized in the final cycle of refinement, in which all nonhy-
drogen atoms of the metal complex were refined anisotropically
and the cyclopentadienyl hydrogen atoms isotropically. This
refinement involved 315 variables and 5367 observations (including
those for which F,2 < 0). It converged to values of R and R,, (on
F_2) of 0.047 and 0.086, respectively, to an error in an observation
of unit weight of 1.43 electrons,? and for those reflections having
F2> 30(F,% to values of the conventional R and R,, indices on
|F,] of 0.033 and 0.043, respectively. A final difference electron
density map revealed no peaks above 0.7 e/A® except for one ripple
(0.81 e/A% within 0.9 A of the cobalt atom. The positional
parameters are listed in Table I. The thermal parameters,
root-mean-square amplitudes of vibration, and a tabulation of
the observed and calculated structure amplitudes are available.'®

Xa Calculations. Computations employed the SCC-DV-Xa
method. The Hartree-Fock-Slater equations were solved itera-
tively by the discrete variational (DV) procedure,'® and the
Coulomb potential was approximated by an S-wave potential from
the population-charge analysis.® An Xa exchange parameter
of 0.70 was assumed to avoid empiricism. Numerical atomic
orbitals from exact atomic HFS calculations were used as basis
functions, and core electrons were included with no further ap-
proximation.

The experimental geometry of IVc was idealized to C, symmetry
(mirror plane perpendicular to CoN; plane and bisecting the
NCoN angle). The CgF;5 groups were replaced by H atoms (N-H
distance assumed to be 1.01 A). In the comparative calculation
of Fe(CO)3(HN,H) we assumed the same HN,H configuration
as in the cobalt complex. The Fe(CO); geometry was that used
in a previous study.®

Results and Discussion

Description of the Structure of (9°-C;H;)Co-
(CeFsN,CeF;)t/,CcH,. The crystal structure of (5°-
C:H;)Co(C¢F;N,CoFs)-1/,CeHg consists of the packing of
four molecules of the cobalt complex and two benzene
molecules in the unit cell (Figure 1). The labeling scheme
for the cobalt complex is presented in Figure 2; selected
bond distances and angles are given in Figure 3 and Table
II. The complex, excluding the phenyl substituents, ex-

(16) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967,
6, 197-204.

(17) See for example: Waters, J. M.,; Ibers, J. A. Inorg. Chem. 1977,
16, 3273-32717.

(18) Supplementary material.

(19) Ellis, D. E.; Painter, G. H. Phys. Rev. B 1970, 2, 2887-2898.

(20) Ellis, D. E.; Rosen, A.; Adachi, H.; Averill, F. W. J. Chem. Phys.
1976, 65, 3629-3634.
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.ESTI'H‘EED STANDARD

Gross, Trogler, and Ibers

Table I. Positional Parameters for the Atoms of (n*-C,H;)Co(C,F.N,C.F,)-'/,C,H,

A

SURSEQUENT TABLES.

Figure 1. Stereoview of the unit cell of (75-CgH;)Co(CgFN,CeF5)-!/,CeHg. The b axis is almost vertical, and the a axis is horizontal
to the right. Vibrational ellipsoids are drawn at the 50% probability level; hydrogen atoms are drawn at the 20% probability level
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Figure 2. Drawing of an individual molecule of (1°-C;H;s)Co-
(CgFsN,CeF5) (IVc) showing the labeling scheme. Vibrational
ellipsoids are drawn at the 50% probability level.

hibits virtual C,(m) symmetry, with a mirror plane per-
pendicular to the metallacycle and cyclopentadienyl planes
and bisecting the N(1)-Co-N(4) and C(3)-C(4)-C(5) an-
gles. The geometry about the cobalt atom, which is co-

Figure 3. Selected bond distances (A) and bond angles (deg) for
the metallatetraazadiene moiety of (7°-CsHs)Co(CgFsIN,CeFs) (IVe).
Vibrational ellipsoids are drawn at the 50% probability level.
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Table II. Intramolecular Bond Distances (&) and Angles (Deg) in (n*-C,H;)Co(C,F,N,C.F,)1/,C,H,

Bond Distances

Co-N(1) 1.802 (2)

C(16)-C(11)

1.384 (3)
Co-N(4) 1.819 (2) 1.811 (12)° C(11)-C(12) 1.378 Es)
N(1)-N(2) 1.360(2) ggg;ﬁﬁ; 1578 Eg; 1.380 (6)
Eg;:ﬁgzg 1.279 g; C(14)-C(15) 1.376 (3)
N(1)-C(18) 1418 (2) C(15)-C(16) 1.391 (3)
N(4)-C(26) 1.419 (2) C(11)-F(11) 1.340 (2)
C(12)-F(12 1.338 (2
83:8&; g'ggg Eg; cE13§-F213; 1.335 22;
Co-C(3) 2.041 (2) 2.045 (14) C(14)-F(14) 1.335(2)
o ais sos(n Ci-FIy  lmem 189702
Co-C(5) 2.044(2) C(22)-F(22) 1.338 (2)
C(1)-C(2) 1.425 (3) C(23)-F(23) 1.335(2)
C(2)-C(3) 1.411 (3) C{24)-F(24) 1.334 (2)
gig-g((ég }.igg g; 1.420 (7) C(25)-F(25) 1.340 (2)
- . C(26)-C(21 1.386 (3
C(5)-C(1) 1.414(8) cEm%-oEzz; 1.385 §3§
C(1)-H(1) 0.98 (3) C(22)-C(23) 1.376 (3)
C(2)-H(2) 0.97 (3) C(23)-C(24) 1.374 (3) 1.382 (7)
C(3)-H(3) 1.02(3) 0.98 (3) C(24)-C(25) 1.378 (3)
C(4)-H(4) 0.97 (3) C(25)-C(26) 1.392 (3)
C(5)-H(5) 0.97 (3)
Bond Angles
oo men wpgedll g prenes e
Co-N(1)-N(2) 118.6 (1) -C(16)- : ~el11)- :
Co-N(4)-N(3) 1181 (1)  C(15)-C(16)-C(11)  117.5(2) Eﬁg;_ggg;_gﬁg 120.6 Eg;
N(1)-N(2)-N(3) 1121 (2)  16)-C(11)-C(12) 121.7(2)  F(13)-C(13)-C(12)  119.6 (2)
N(2)-N(3)-N(4) 112.2(2)  Y11)-C(12)-C(13) 119.5(2)  F(13)-C(13)-C(14)  120.2(2)
Co-N(1)-C(16) 129.7 (1) C(13)-C(14)-C(15) 119.7 (2) F(14)-C(14)-C(15) 120.6 (2)
Co-N(4)-C(26) 129.8(1) C(14)-C(15)-C(16) 121.5(2) F(15)-0(15)-C(14)  119.0(2)
N(2)-N(1)-C(16) 111.7(1) N(4)-C(26)-C(21) 121.2(2) F(15)-C(15)-C(16) 119.5(2)
N(3)-N(4)-C(26) 111.8(2) N(4)-C(26)-C(25) 122.0(2) gglg-ggmg—gg 26; 118.1 Ez;
C(5)-C(1)-C(2) 108.2(2)  €(25)-C(26)-C(21 116.8 (2 1-g(21)-(22) - 118.1(2
C(1)-C(2)-C(3) 1080(2)  O(26)C(zC(22) 1207 () Fooaoagazy 110ty
C(2)-C(3)-C(4) 108.2(2) C(21)-C(22)-C(23) 120.0 (2) F(23)-C(23)-C(22) 119.9(2)
C(3)-C(4)-C(5) 107.8(2) C(22)-C(23)-C(24) 119.7(2) F(23)-0(23)-C(24) 120.3 (2)
C(4)-C(5)-C(1) 107.9(2) C(23)-C(24)-C(25) 119.8 (2) F(24)-C( 24)-C(23) 1203 (2)
C(24)-C(25)-C(26) 122.1(2) F(24)-C(24)-C(25)  120.0(2)
F(25)-C(25)-C(24)  118.0(2)
F(25)-C(25)-C(26)  119.8 (2)

¢ The figure in parentheses following an average value is the larger of that estimated for an individual value from the
matrix or on the assumption that the values averaged are from the same population.

Abs ! ‘\

VAL

T T T T T T
300 400 500 N 600 700 800

Figure 4. Electronic absorption spectrum of (1°-C;H;)Co-
(CH3N,CHjy) at 77 K in a 2-methylpentane glass.

ordinated to the cyclopentadienyl ring and the terminal
nitrogen atoms, N(1) and N(4), is trigonal. The cyclo-
pentadienyl ligand is symmetrically disposed with respect
to the metallacycle plane, forming a dihedral angle of
85.56°.

Structural Aspects of the Metallacycle. Consider
the remarkably stable metallatetraazadiene moiety. The
CoNj, ring is planar with the largest deviation of an atom
from the least-squares plane of the ring being 0.014 (2) A
(Table III). The Co-N(1) and Co—-N(4) bond lengths of
1.802 (2) and 1.819 (2) A, respectively, are the shortest
known M-N distances of any tetraazadiene complex (Table
IV). These distances indicate multiple bonding, as M-N
single bonds would fall in the range 1.95-2.15 A, In-
equivalence of the N-N bond lengths rules out balanced
delocalization of = bonding in the metallacycle; partial
delocalization, however, is consistent with the observed
data. The central, N(2)-N(3) bond [1.279(2) A] is longer
than that found in tetrakis(trimethylsilyl)tetrazene, V,

| i N/Si(CH3)3
(CH3)351\N—N/N S

(CH3)3Si

Si(CH3)z

v
[1.268 (7) A]2 and still longer than the sum of the nitrogen

(21) Davis, B. R.; Payne, N. C.; Ibers, J. A. Inorg. Chem. 1969, 8,
2719-2728.
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Table III. Least-Squares Planes in (n°-C,H,)Co(C,FN,C,F,)

plane equations: Ax + By + Cz=D?%

plane

no. description A B D dev from plane,? A

1 metallatetraazadiene 2.499 -18.105 5106 -4,057 Co, 0.000 (1); N(1), ~0.011 (2); N(2),
0.006 (2); N(3), 0.012 (2); N(4),
-0.014 (2)

2 phenyl 1 6.114 -4.224 ~6.860 -4.848 C(11), -0.001 (2); C(12), 0.006 (2);
C(13), -0.005 (2); C(14), 0.000 (2);
C(15), 0.004 (2); C(16), —0.004 (2)

3 phenyl 2 6.235 ~13.189 ~3.840 -6.763 C(21), -0.003 (2); C(22), -0.004 (2);
C(23), 0.004 (2); C(24), 0.001 (2);
C(25),~0.006 (2); C(26), 0.006 (2)

4 cyclopentadienyl 6.239 ~5.831 -6.475 -2.210 C(1),-0.002 (2); C(2), 0.000 (2);

carbon atoms C(3), 0.002 (2); C(4),-0.004 (2);

C(5), 0.004 (2); Co, ~1.650; H(1),
-0.079; H(2), -0.021; H(3), -0.037;
H(4), -0.061; H(5) —0.041

5 cyclopentadienyl 6.28 -5.74 -6.44 -2.21 H(1), -0.02 (3); H(2), 0.02 (3); H(3),

hydrogen atoms

0.00 (3); H(4),-0.01 (3); H(5), 0.02
(3); Co, ~1.60; C(1), 0.05; C(2), 0.04;
C(3), 0.04; C(4), 0.04; C(5), 0.06

Interplanar Angles, Deg

plane no. plane no. angle plane no. plane no. angle
1 2 90.24 2 3 29.03

1 3 61.45 2 4 4,72

1 4 85.56 3 4 24.31

4 5 0.40

@ Equations of planes are expressed in crystal coordinates as defined by: Hamilton, W. C. Acta Crystallogr. 1961, 14,
185-189. b Standard deviations are given for those atoms used in the definition of a particular plane.

Table IV. Comparison of Metallatetraazadiene Bond Distances (A)

M-~N(av) N,,.,~N, ;(av) N,-N, N-C(phenyl)(av)
1Ve (n%-C,H,)Co(C,F,N,C,F,)° 1.811 (8)® 1.358 (3) 1.279(2) 1.419(2)
VI Ni(RN,R), R = 3,5-(CH,),CH,° 1.853 (3) 1.325 (3) 1.319 (4) 1.426 (4)
VII Fe(CO),(CH,N,CH,)4 1.85(3) 1.31(7) 1.30(7)
VIII [Ir(COXP(C.H,),),(RN,R)][BF,}¢ 1.956 (15) 1.375 (25) 1.270 (186) 1.469 (18)
R=p-FCH,

@ This work at =150 °C.  All other structural data tabulated here were obtained at room temperature. ? The standard
deviation in parentheses following the average value for bond lengths of the same type in a given complex is the larger of
that estimated for an individual value from the inverse matrix or on the assumption that the values averaged are from the
same population. € Reference 12. ¢ Reference 8. € Reference 9.

covalent double bond radii (1.24 A).2 Conversely, the
terminal N(1)-N(2) [1.360 (2) A] and N(3)-N(4) [1.355 (2)
A] bond lengths are much shorter than the corresponding
bonds in V {1.394 (5) A] and the sum of the nitrogen
covalent single-bond radii (1.40 A). These data support
the importance of the resonance forms 3 or 4. However,
no simple valence-bond description adequately represents
the observed structure.

M M.

R—N? SN—R R—N? N—R R—N" YN—R
\ _ [ \ \
N=N NTN N=N

3 4

The pentafluorophenyl rings are not coplanar with the
metallatetraazadiene plane; the Cg4 rings form dihedral
angles of 90.24° and 61.45° with the CoN, plane. Differing
degrees of conjugation between the unsaturated metalla-
cycle and each of the phenyl rings may account for the
significant (>60¢) inequivalence of the Co—N bond lengths.

(22) Veith, M. Acta Crystallogr., Sect. B 1975, B31, 678684, An
interesting comparison is with the N=N distance of 1.291 (6) A in di-
methylcyclotetrazencborane, where extensive delocalization of the =
electrons in the N,B ring was suggested. See: Chang, C. H.; Porter, R.
F.; Bauer, S. H. Inorg. Chem. 1969, 8, 1677-1683.

(23) Pauling, L. “The Nature of the Chemical Bond”; Cornell Univ-
ersity Press: New York, 1960.

A larger = interaction between atom N(4) and its phenyl
ring (phenyl 2 of Table I1I) is expected as a result of the
smaller dihedral angle (61.45°). This would weaken the
Co-N(4) = interaction, as reflected in the longer bond
length relative to the Co—N(1) distance. Note that the
N-C(phenyl) bond lengths of complex I [1.418 (2), 1.419
(2) A] are approximately equal to those of the complex
Ni(RN4R)2, R= 3,5'(CH3)2C6H3 (VI) [1.426 (4) A]_l? The
NiN, and Cg rings of the latter are coplanar, and strong
conjugation between them has been proposed. The elec-
tron-withdrawing fluorine substituents in complex IVc
must also be considered as contributing to the shortening
of the N-C bonds; therefore conclusions regarding the
relative degrees of conjugation in these complexes are
tenuous.

The planar metallatetraazadiene moiety of Ni(RN,R),,
R = 3,5-(CH3),C¢Hj;, exhibits short M—N and equivalent
N-N bond lengths (Table IV).}? Overbosch et al. propose
the diene resonance form 1, suggesting that strong conju-
gation with the coplanar phenyl groups leads to equivalent
N-N bond lengths. The structure of the first known
metallatetraazadiene complex, Fe(CO);(CH;N,CH,),
(VII),® which is isoelectronic with complex IVc, exhibits
features similar to complex VI, including a planar me-
tallacycle, short M—-N and equivalent N-N bond lengths;
however, large standard deviations of the bond lengths
preclude a clear interpretation.
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A tetrazolium-like structure, shown below, has been
proposed for the iridium tetraazadiene complex [Ir-
(CO)(P(CgHjy)3)o(RN,R)][BF,], R = p-FC¢H, (VIII).? The
N-N bond lengths

/Ir\
R—N""y "N—R
T
NZN

(Table IV) are similar to those of complex IVc; however,
the Ir-N distances are in the single-bond range, and the
Ir atom is displaced 0.12 A out of the N, plane. Steric
congestion may be a factor in determining the disposition
of the phenyl rings, as they form dihedral angles of 66°
and 49° with the N, plane.

That the structurally characterized metallatetraazadiene
complexes exhibit localized diene and ene, as well as
completely delocalized metallacycles attests to the flexible
and extremely stable nature of this moiety.

Structural Aspects of the Cyclopentadienyl Ring.
The five-carbon ring of the cyclopentadienyl ligand in
complex IVc is essentially planar and nearly symmetrically
disposed with respect to the metallatetraazadiene plane.
A symmetric tilt of the C; ring, such that atom C(4) is
closest to the cobalt atom, is evident from differences in
the Co—C distances; a dihedral angle of 85.6° between the
cyclopentadienyl and metallatetraazadiene planes results.
Steric congestion between the cyclopentadienyl and phenyl
groups, if important, should have resulted in an asym-
metric tilt, owing to the different cyclopentadienyl-per-
fluorophenyl dihedral angles of 4.72 and 24.31°. Variations
in the C-C bond lengths of the cyclopentadienyl ring are
at the threshold of significance; yet they are consistent with
a distortion toward a diene configuration. The origins and
significance of cyclopentadienyl ligand distortions have
been discussed in detail elsewhere.l%?*3 The distortion
observed in complex IVc may result from interaction of
the cyclopentadienyl moiety with a metal fragment lacking
cylindrical symmetry. Differential occupation of the de-
generate highest occupied molecular orbitals of the cy-
clopentadienyl moiety, e;* and e;”, by nondegenerate metal
d orbitals may result in diene and allyl-ene distortions,

respectively.
+
O O
S S~
e’ e

i 1

Although displacements of H atoms from the cyclo-
pentadienyl C; plane are small, there is a trend of bending
toward the Co atom, which is 1.602 A from the center of
the H; plane and 1.650 A from the center of the C; plane.
Similar deviations toward the metal atom have been

(24) Byers, L. R.; Dahl, L. F. Inorg. Chem. 1980, 19, 277-284.

(25) Freyberg, D. P.; Robbins, J. L.; Raymond, K. N.; Smart, J. C. J.
Am. Chem. Soc. 1979, 101, 892-897.

(26) Mingos, D. M. P.; Minshall, P. C.; Hursthouse, M. B.; Malik, K.
M. A,; Willoughby, S. D. J. Organomet. Chem. 1979, 181, 169-182.

(27) Rigby, W.; Lee, H.-B.; Bailey, P. M.; McCleverty, J. A.; Maitlis,
P. M. J. Chem. Soc., Dalton Trans. 1979, 387-394.

(28) Byers, L. R.; Dahl, L. F. Inorg. Chem. 1980, 19, 680-692.

(29) Smith, A. E. Inorg. Chem. 1972, 11, 165-170.

(30) Mitschler, A.; Rees, B.; Lehmann, M. S. J. Am. Chem. Soc. 1978,
100, 3390-3397.

(31) Day, V. W.; Reimer, K. J.; Shaver, A. J. Chem. Soc., Chem.
Commun. 1975, 403—404.

(32) Dahl, L. F.; Wei, C. H. Inorg. Chem. 1963, 2, 713-721.

(33) Guggenberger, L. J.; Cramer, R. J. Am. Chem. Soc. 1972, 94,
3779-3786. Fitzpatrick, P. J.; LePage, Y.; Sedman, J.; Butler, 1. S. Inorg.
Chem. 1981, 20, 2852-2861.
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Table V. Electronic Absorption Spectral Data (nm) for
(n*-C,H,)Co(RN,R) Complexes

Mmax'  Amax’ Amax’
R solvent (e) (e) (e)
CH, C,H, 598 424 334
(260) (9260) (<2200)@
C,H, C,H,CH, 671 470 388
(690) (6200) (<3200)
CH,OH 658 468 384
(670) (6880) (<3600)
C,F, C,H,CH, 657 470 346
(430) (5190) (<2700)
CH,O0H 650 465 337
(440) (b740) (<2900)
2,4-F,C H, C,H,CH, 658 466 362
(650) (7430) (<4000)
2,6-(CH,),C.H, C.H, 635 443 341

(280) (5160) (<2800)

% Amax3 appears as a shoulder of an intense ultraviolet
absorption band; hence extinction coefficients are ap-
proximate values.

—3}
[58% dyy 1o
-4

65% dxz 2la—A
_5:[_90% dy2.-y2 200‘—',
|

191% 9,2 190 — 4
“ 8 92% q,; 100" —

180" 35% dxy, 24% N lone parr

300" 36% dxz, 41% NgT*

- 90' Ny *
<

~290' 80% 7a"N lone pair
\ 179"764% dyp 3% NG T

280' 20%' dxz, 56% Na 7*

N270 BS54 g o oo N Ione par
£ 164" 75% N 'Y
(m5-CgHg)ColHNgH) 7 HNgH

60" Ng7r

Figure 5. Orbital energy diagrams from SCC-DV-Xa calculations
of the (75-C;H;)Co and HNH fragments as well as of the (45
C;Hs)Co(HN,H) molecule (C, symmetry). The orientation of the
metal coordinate system is defined at the bottom of the figure.

documented for other cyclopentadienyl complexes.!®34-36
Complexes containing coordinated pentamethylcyclo-
pentadienyl ligands frequently exhibit bending of the
methyl substituents away from the metal atom.2526:37
Explanations have been proposed for C-H bending.3%%
While the nonplanarity of the ring substituents may serve
as an indicator of the electronic interactions with the metal
atom, there is as yet no meaningful correlation among the
limited number of accurately documented cases.
Electronic Spectra. The electronic spectra of com-
plexes (7°-C;H;)Co(RN,R) (R = CHj, CeH;, CiFs, 2,4-
F,CgH;, 2,6-(CH;3),CeH) are characterized by three low-
energy electronic transitions (Figure 4, Table V). Visible
absorption bands result from transitions involving pri-
marily the metallatetraazadiene moiety; the complex
(75-C5H;5)Co(CO), exhibits no absorption bands in the

(34) Seiler, P.; Dunitz, J. Acta Crystallogr., Sect. B 1980, B36,
2255-2260.

(35) Takusagawa, F.; Koetzle, T. F. Acta Crystallogr., Sect. B 1979,
B35, 1074-1081.

(36) Zimmerman, G. J.; Sneddon, L. G. Inorg. Chem. 1980, 19,
3650-3655.

(37) Ibers, J. A. J. Organomet. Chem. 1974, 73, 389-400.

(38) Rees, B.; Coppens, P. Acta Crystallogr., Sect. B 1973, B29,
2516-2528.

(39) Hodgson, K. O.; Raymond, K. N. Inorg. Chem. 1973, 12, 458-466.
Jemmis, E. D.; Alexandratos, S.; Schleyer, P. v. R.; Streitwieser, A. J.;
Schaefer, H. F, J. Am. Chem. Soc. 1978, 100, 5685-5700.
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Table VI. Valence Orbitals from the SCC-DV-Xa Calculation of (n°-C,H,)Co(HN H)

major percent atomic compositions?

orbital energy, eV Co N,H, N, n%-C,H,
192" ~1.547 26 (pr) 71 (pr)

18a” ~3.097 34 (dyy) 17 (po), 7 (2s) 38
302’ -4.568 36 (d,) 29 (pn) 11 (pn) 23
20a'b -6.738 80 (d;2), 7 (s) 7
172" ~6.934 64 (dy,) 21 (pn) 11 (pm)

28a’ -7.052 20 (d,) 33 (pn) 23 (pn) 19
27 a’ -7.320 85 (dy2_y?) 5
162" -7.712 17 (po) 20 (s), 34 (po) 23
154" ~8,406 15 (dyy) 5 (s), 15 (po) 59
26 a’ -8.998 6 (s) 20 (po) 54 (po)

14 2" -9.069 24 (dy,) 64 (pn) 9 (pn)

25a’ -9.231 27 (d,,) 66
13a” -10.442 5 (4py) 84
24 a’ -10.804 97
23 a’ -11.551 31 (pn) 63 (pr)

224 -11.844 5 (po) 84
12a”¢ -11.851 24 (dyy) 7 (2s), 48 (po) 10
11 2" ~12.960 96
21 a' -13.588 51 (po) 23 (po) 17
20 a’ ~13.670 90

% 5% or greater, po denotes in xy plane pr = p, orbitals with the coordinate system defined in the text.

orbital. ¢ 6% H 1s.

Table VII.

b Highest filled

Comparison of Metallacycle n Orbitals in (n°-C,H,)Co(HN,H) and Fe(CO),(HN H)

cobalt complex

atomic composition®

iron complex

atomic composition?

orbital energy, eV Co N,H, N, orbital energy, eV Fe N.H, N,
19a" -1.547 26 71 23 a" -2.243 22 63
30a’ -4.568 36 (dy) 29 11 32a' -5,133 29 (d,) 22 16
17 a" -6.934° 64 (d,;) 21 11 18 a" ~17.936 41 (dy,) 18 7
28 a' -7.052 20 (dy.) 33 23 31a'® ~7.621 28 (d,2) 21 14
142" -9.069 24 (dy,) 64 9 162" -9.700 9 (dy,) 64 9

@ Percent compositions and only the N,H, and N, pr contributions are given. ? Highest occupied = orbital.

visible spectrum, deriving its color from an intense uitra-
violet absorption that tails into the visible region. Note
that the band maxima (Table V) are essentially insensitive
to solvent polarity, thereby ruling out a simple metal to
ligand 7* charge-transfer assignment, as found in certain
diazabutadiene complexes.** An n — 7* transition (in-
volving the remote nitrogen lone pairs) may be eliminated
from consideration owing to lack of a solvent effect and
the high intensities.* '

While structural data for complex IVc rule out strong
conjugation between the metallacycle and phenyl rings
owing to noncoplanarity, the energies of the electronic
transitions show some sensitivity to the phenyl substitu-
ents. The energy difference between A ,,! and A,,.* re-
mains essentially constant for all groups. Replacing methyl
substituents by aromatic groups leads to a systematic red
shift of all three absorption bands, as expected if these
transitions involve the metallacycle = network. Extension
of the conjugated network, in this case partial conjugation
between the metallacycle and phenyl rings, stabilizes the
excited state, resulting in a bathochromic shift. Increased
substitution of fluorine atoms for hydrogen atoms on the
phenyl rings has little effect on Ay, and A% while A2
undergoes a gradual hypsochromic shift.

Molecular Orbital Models. In order to understand
better the = interactions between the metal d orbitals and
the tetraazadiene chelate, we performed SCC-DV-Xu
calculations on (n5-C;H;)Co, HNH, and (45-CsH;)Co-

(40) Bock, H.; tom Dieck, H. Chem. Ber. 1967, 100, 228-246.
(41) Albini, A.; Kisch, H. Top. Curr. Chem. 1976, 65, 105-145.

(HN,H) (Figure 5). For a more complete listing of the
molecular valence orbitals and their atomic composition
see Table VI. The key interaction between the occupied
21 &’ d,, orbital of the (°-C;H;)Co fragment and the empty
9a’ w* orbital of the tetraazadiene ligand produces the
metallacycle w-bonding orbital 28 a’ and its antibonding
counterpart 30 a’. Partial occupation®? of the 9 a’ tetra-
azadiene orbital, which exhibits nodal pattern A explains

00,
H—®" “®—-~
A

the lengthening of the N(1)-N(2) and N(4)-N(3) bonds
and shortening of the N(2)-N(3) distance in complex IVc.
The lower occupied 14 and 17 a” orbitals in (5-C;H;)Co-
(HN,H) contain contributions from HN,H p= orbitals with
nodal pattern B. As expected, the most stable metalla-

®.0
—0 |
B
cycle 7 orbital (23 a’) contains ligand character of the type

5—n

(42) A reviewer suggested that, because the energy of 9 a’ is less than
21 a’, the complex is a cobalt(III) derivative. This viewpoint is oversim-
plified, because as negative charge flows into 9 a’ (when the complex is
formed), it will destabilize 9 a’. The positive charge that develops on the
(n5-CsH;)Co fragment will stabilize 21 a’. A population analysis reveals
a 0.51+ charge develops on the (»%-C;H;)Co fragment and a 0.51- charge
develops on the HN,H fragment in the molecule. The charge on Co is
1.40+ from this analysis.





Organometallics 1982, 1, 739-742 739

C and the most unstable type (19 a”’) exhibits the maxi-
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A and the filled ligand orbital B appreciably interact with
cobalt d,, and d,, orbitals, respectively (Table VI and
coordinate system as defined in Figure 5). Ligand types
A and B, correspond to the 9 a’ and 6 a” orbitals of Figure
5.

A comparison of the interactions between the isoelec-
tronic (7°-C;H;)Co and Fe(CO); fragments with = orbitals
of an HN,H fragment is provided in Table VII. Although
general w-orbital splittings and their compositions are
similar for the two complexes, the percent tetraazadiene
7* (type A) character differs for 28 a’ and 31 a’ in the
cobalt and iron complexes, respectively. Greater contri-
bution from the ligand #* orbital in the cobalt case leads
to increased back-bonding compared with Fe(CO);(HNH).
The iron d,: character found in 31 a’ is also noteworthy
since this orbital cannot effectively overlap with the tet-
raazadiene =* orbital. This could explain the nearly
fivefold increase in intensity of the metallacycle 7 — #*
transition (vide infra) in the cobalt complexes, since cobalt
employs d,, orbital character in 28 a’.

Transition-state calculations*® place the lowest one-
electron transition of (n®-CsH;)Co(HN H) at 2.38 eV, and
the electronic spectrum of (n*-C;H;)Co(CH;N,CH;) ex-
hibits a weak feature (Figure 4) at 598 nm (2.07 eV). The
weak intensity arises from lack of overlap between the d,:
orbital, 29 a’, and the =* orbitals of the N, ring. Although
three other transitions, 17 a”/, 28 &/, and 27 a’ — 30 &’
should lie at slightly higher energies, only two other
transitions are apparent (Figure 4). We attribute the most
intense band at 424 nm to the = — 7* excitation localized
on the metallacycle (28 a’ — 30 a’). Calculations may
incorrectly estimate the energy of 17 a” — 30 a’, or this
transition could be hidden beneath the intense 424-nm
feature. Just as for the iron(0) tetraazadiene complex,2b
the vivid colors of the cobalt(I) tetraazadiene compounds
may be attributed to the low-lying unoccupied metallacycle
m* orbital.
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Figure 1. The molecular structure of C;gHgTe,, showing 50%
probability ellipsoids for atoms refined anisotropically. The
molecule occupies a crystallographic center of symmetry (midpoint
of the C(2)-C(2)’ bond). Standard deviations of the bond lengths
and angles are Te-Te = 0.001 A, Te-C = 0.007 4, C-C =
0.009-0.013 A, Te-Te-C = 0.2°, Te-C-C = 0.5°, and C-C-C =
%6—0.89 The molecule is planar with no deviations >0.016 (7)

to enhance both the molecular polarizability* and the in-
termolecular contacts involving the chalcogen in ion-radical
solids involving these donors. The availability of the
tellurium compounds has been anticipated,® and we now
report.the synthesis of tetratellurotetracene (3, TTeT), its
crystal and molecular structure, and several molecular and
solid-state properties pursuant to our interest in peri-di-
chalcogenide derivatives of aromatic hydrocarbons.®

An important development relative to the present work
was the synthesis and characterization of naphthalene
1,8-ditelluride (4).” Relative to its lighter chalcogen
analogues, 4 absorbed at longer wavelengths and was more
easily oxidized electrochemically™ even though all of the
naphthalene 1,8-dichalcogenides have vertical ionization
energies of ca. 7.1 eV.5%

We synthesized TTeT by reaction of tetrachloro-
tetracene® (5) with a new sodium ditelluride reagent

of o Te—Te
Q0010 == [QI0I0I0
of Cl Te—Te
5 3

(1) (a) A preliminary account of portions of this work was presented
at the International Conference on Low-Dimensional Conductors,
Boulder, CO, August 9-14, 1981: Sandman, D. J.; Stark, J. C.; Hamill,
G. P.; Burke, W. A,; Foxman, B. M,, paper 3A-24. (b) Portions of this
work will also be presented at the National Meeting of the American
Chemical Society, Las Vegas, NE, March 29-April 2, 1982, paper ORGN
71.

(2) Khidekel, M. L.; Zhilyaeva, E. I. Synth. Met. 1981, 4, 1.

(3) Bechgaard, K.; Carneiro, K.; Rasmussen, F. B.; Olsen, M.; Rindorf,
G.; Jacobsen, C. S.; Pedersen, H. J.; Scott, J. C. J. Am. Chem. Soc. 1981,
103, 2440.

(4) Garito, A. F.; Heeger, A. J. Acc. Chem. Res. 1974, 7, 232.

(5) Sandman, D. J., Proceedings of the Workshop on “Molecular”
Electronic Devices, Washington, DC, March 23-24, 1981, NRL Memo-
randum Report 4662; Carter, F., Ed.; Marcel Dekker: New York, 1981,
to be submitted for publication.

(6) Sandman, D. J.; Ceasar, G. P.; Nielsen, P.; Epstein, A. J.; Holmes,
T.d. J. Am. Chem. Soc. 1978, 100, 202.

(7) (a) Meinwald, J.; Dauplaise, D.; Wudl, F.; Hauser, J. J. J. Am.
Chem. Soc. 1977, 99, 255. (b) Dauplaise, D. Ph.D. Thesis, Cornell
University, Ithaca, NY, 1977. (c) Bock, H.; Brahler, G.; Dauplaise, D.;
Meinwald, J. Chem. Ber. 1981, 114, 2622.

Sandman, Stark, and Foxman

formed directly from the elements in a 1:1 atomic ratio in
a dipolar aprotic solvent such as dimethylformamide
(DMF) or hexamethylphosphoramide.®

In a representative procedure, a magnetically stirred
suspension of Te powder (7.65 g, 0.06 mol) and sodium
(1.38 g, 0.06 mol) in DMF (100 mL) under argon was
heated at 110 °C for 1 h. After the mixture was cooled to
55 °C, solid 5 (5.0 g, 0.0137 mol) was added followed by
DMF (100 mL). This mixture was heated at 45-55 °C for
20 h when it was poured into salt water. The solid pre-
cipitate was dried and extracted with acetone and benzene
to remove ditellurotetracenes 6.1° The residue was crys-

Te——Te

Q00T
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tallized from chlorobenzene to give TTeT as a black solid,
1.28 g (13% yield), mp >360 °C. Anal. Calcd for C;gHgTey:
C,29.43; H, 1.10; Te, 69.47. Found: C, 29.24; H, 1.15; Te,
69.58. Our initial identification of the black solid as TTeT
followed from its mass spectrum which exhibited the
pattern expected for a four Te ion with the most intense
peak at m/e 7386, relative abundance 10.9%; a major
fragment observed corresponds to loss of one Te atom.

In chlorobenzene solution, we observed the following
absorption spectrum for TTeT (., 763 nm (log € 4.186),
695 (3.97), 465 (3.73), 338 (4.92)). The long wavelength
absorption reveals a significant red shift compared to
TSeT'? (A .y 716 nm, (log € 4.1), 661 (4.0}, 471 (3.9)). The
solid-state spectrum of TTeT, observed by diffuse re-
flectance, exhibits a broad maximum in the remission
function at 810 nm, red shifted compared to its solution
spectrum and also the diffuse reflectance of TSeT (Ap.e
760 and 640 nm).

We observed surface adsorption complications with both
TTeT and TSeT, possibly due to crystallization of an
ion-radical solid, while attempting a comparative electro-
chemical study. In chlorobenzene solution 0.10 M in
tetra-n-butylammonium tetrafluoroborate at a sweep rate
of 100 mV/s, TTeT exhibits an anodic peak at +0.22 V
while the peak for TSeT is observed at +0.32 V, both
measured relative to the Ag/AgCl electrode in saturated
NaCl. These data suggest that TTeT is more easily oxi-
dized in solution than its selenium counterpart, a situation
analogous to the naphthalene 1,8-dichalcogenides.” Re-
versible electrochemical behavior was reported for tetra-

(8) Balodis, K. A.; Livdane, A. D.; Medne, R. S.; Neiland, O. Y. J. Org.
Chem. USSR (Engl. Transl.) 1979, 15, 343. Our samples of 5 exhibit a
melting point of 221-222 °C vs. 212-214 °C reported by Balodis et al.
Anal. Caled for CgHgClL,:C, 59.06; H, 2.20; Cl, 38.74. Found: C, 59.28;
H, 2.28; Cl, 38.7.

(9) The synthesis of TSeT from 5 and sodium diselenide in DMF has
been reported.®

(10) These compounds have not been isolated in sufficient quantity
to allow a complete characterization; they were identified from mass
spectra. The visible absorption maxima of 6a—c are respectively 610, 642,
and 623 nm. These compounds are red-shifted vs. dithiotetracene whose
visible maximum is at 561 nm.!! The isolation of 6a—c as well as the mass
spectrometric detection of di- and trichlorotetracene, indicates the re-
ducing power of the Na,Te, reagent. Irreversible reduction of 5 is re-
vealed by a cathodic peak at —0.71 V (vs. Ag/AgCl in saturated NaCl) in
DMTF using 0.1 M tetra-n-butylammonium tetrafluoroborate.

(11) Nigrey, P. J.; Garito, A. F. J. Chem. Eng. Data 1978, 23, 182.

(12) Marschalk, C. Bull. Soc. Chim. Fr. 1952; 800.
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Figure 2. A stereoview of the packing of C,gHgTe,, showing (i) stacks of TTeT molecules along the b axis and (ii) short interstack
Te-Te contacts of 3.701A (dashed lines), which connect stacks along [101].

thiotetracene (TTT) in CH,Cl, solution.!3

Our samples of TTeT revealed no evidence of decom-
position in the course of X-ray photographic studies of
single crystals kept in air over a 3-month period. While
derivatives of tetrathiafulvalene often reveal the formation
of S-oxides in mass spectrometry and ESCA studies,* our
mass spectral data (vide supra) have not revealed peaks
at values of m/e higher than the molecular ion. ESCA
studies of our samples of TTeT reveal two peaks in both
the Te(3d;/9) and Te(3d;,,) levels at binding energies of
584.3 and 586.3 eV and 5’/73.8 and 575.9 eV, respectively,
as well as an O(1s) peak, suggesting surface oxidation.!?
After argon sputtering of the sample surface, lines at 583.9
and 573.5 eV remained, values identical with those re-
ported for diphenyl ditelluride.16

We determined the crystal and molecular structure of
TTeT because such studies of neutral organochaicogen
donors are of continuing interest with respect to binding
forces!” in these solids and the use of molecular geometry
to infer degree of charge-transfer complexes derived from
these donors.’® TTeT crystallizes in the monoclinic space
group P2,/n, witha = 11.746 (4) A, b = 4.364 (2) A, c =
15.831 (5) &, 8 = 90.57 (5)°, Z = 2, pogieq = 3.01 g cm™, and
Pobsd = 3.01 (2) g em™. This crystal is isomorphous with
a polymorph of TSeT.!® Full-matrix least-squares re-
finement of positional and anisotropic thermal parameters
for Te and C atoms, with H atoms included as fixed con-
tributions (rc.g = 0.95 A), using 1283 data for which F >
3.92¢(F) and 26y.x, < 53°, gave R = 0.030 and R, =
0.037.1%  Subsequent to our preliminary report,'* we
learned of another structural study of TTeT.?® The two
structure determinations are in agreement except for a
significant difference in cell constants?! and the degree of
precision of the analyses.?2 The study of Shibaeva and

(13) Geiger, W. E,, Jr. J. Phys. Chem. 1973, 77, 1862.

(14) Lakshmikantham, M. V.; Garito, A. F.; Cava, M. P. J. Org. Chem.
1978, 43, 4394; Carlsen, L.; Bechgaard, K.; Jacobsen, C. S.; Johansen, 1.
J. Chem. Soc., Perkin Trans. 2 1979, 862.

(15) Swartz, W. E., Jr.; Wynne, K. J.; Hercules, D. M. Anal. Chem.
1971, 43, 1884.

(16) Bahl, M. K.; Watson, R. L.; Irgolic, K. J. J. Chem. Phys. 1977, 66,
5526.

(17) Sandman, D. J., Epstein, A. J., Chickos, J. S., Ketchum, J.; Fu,
J. S.; Scheraga, H. A. J. Chem. Phys. 1979, 70, 305; 1981, 74, 758.

(18) Kistenmacher, T. J., American Institute of Physics Conference
Proceedings, Series 53, “Modulated Structures”, 1979, p 193 ff.

(19) Description of experimental operations and techniques will be
found in: Foxman, B. M. Inorg. Chem. 1978, 17, 1932. Foxman, B. M,;
Mazurek, H. Ibid. 1979, 18, 113.

(20) Shibaeva, R. P.; Kaminskii, V. F. Cryst. Struct. Commun. 1981,
10, 663.

(21) Cell constant determinations on the Syntex P2, diffractometer at
Brandeis University (T = 21 (1) °C) have been calibrated by using a
0.15-mm spherical ruby crystal obtained from the National Research
Council of Canada. A reviewer has pointed out that, given thermal
expansion coefficients of (2~4) X 104/°C, the cell constants in ref 20 may
not differ significantly from those reported in the present work. This of
course would require that the temperature of measurement for the former
determination be ~30 °C.

Table I. Observed and Theoretical Distances (A) for
Tetratellurotetracene and Tetracene

b
bond C,.H,Te,® CisHy,
C(5)-C(6) _ 1.356 (14)°  1.364  1.358
C(6)-C(7)  1.409(12)  1.429  1.440
C(4)-C(5)  1.440 (8)° 1.436  1.445
C(4)-C(9)  1.434(10) 1421  1.422
C(3)-C(4)  1.397 (7)° 1.390  1.385
C(1)-C(2)  1.423 (7) 1412 1415
(C2)-C(2)  1.452(13)  1.419  1.413

@ Present work. Y Dewar, M. J. S.; Gleicher, G. J. J.
Am. Chem. Soc. 1965, 87, 685, The bond lengths in the
two columns were calculated by the PPP and SPO treat-
ments, respectively. ¢ Values of averaged pairs of bond
lengths assuming D, ), symmetry; standard deviations are
the larger of the standard deviation of the mean or one-
half the difference between the pair of averaged values.

Kaminskii® was carried out to slightly higher resolution
(20pokq < 55.4°), but only 38% as much data (482 reflec-
tions for which [>1.960) were obtained, despite the fact
that the crystal size was ca. 4.5 times that used in the
present study. It is probable that the cell constant and
diffraction-quality differences between the two experi-
ments are a comment on the probable purity and/or
crystal quality of the materials. A complete report of
experimental detail, coordinates, and bond lengths and
angles for the present study is available as supplementary
material.

Figure 1 shows the molecular structure of TTeT. The
observed C-C bond lengths are in close agreement with
theoretical calculations on tetracene (Table I) as well as
with the structures of tetracene and TTT.? The packing
of the molecules is shown in Figure 2. The plane-to-plane
intrastack distance is 3.732 A; further, there are rather
short interstack Te(1)-Te(2)’ contacts of 3.701 A, slightly
longer than the value of 3.630 A reported for C;sH;sTe,.2
Thus, the stacks are interconnected via infinite ...Te(1)-
Te(2)...Te(1)-Te(2)"... chains, with a Te(1)-Te(2)-Te(1)
angle of 77.1° and a Te(2)-Te(1)-Te(2)’ angle of 116.9°.
There are infinite, equal Te(1)-Te(1)’-Te(1)”... contacts
along a chain of 4.055 A. The Te~Te and Te-C distances
are near the values observed for diphenyl ditelluride (2.712
(2) and 2.115 (186) A, respectively), and the average Te—

(22) Using a relationship derived by Cruickshank: Cruickshank, D.
W. J. in “Computing Methods in Crystallography”; Rollett, J. S., Ed.;
Pergamon Press: Ozxford, England, 1965, p 116, we noted that our
standard deviations should be ~28% of those observed in ref 20. Upon
inspection of that work, we discovered that the standard deviations
(calculated by using the values for coordinates in Tables I and II of ref
20) were in error and should be: Te~Te = 0.003 A, Te—-C = 0.020 A, C-C
= (.034-0.044 A, C9-C9’ = 0.066 A. The latter esd is for the C~C bond
in which the atoms are related by a center of symmetry.

(23) Earlier results are summarized in: Dideberg, O.; Toussaint, J.
Acta Crystallogr., Sect. B 1974, B30, 2481.

(24) Bender, S. L.; Haley, N. F.; Luss, H. R. Tetrahedron Lett. 1981,
22, 1495,
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Te-C angle, 87.62 (14)°, is considerably smaller than that
found in the unconstrained Ph,Te, molecule (98.9 (15)°).%
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Reactions of the glycals, 3,4,6-tri-O-acetyl-D-glucal, 3,4-di-O-acetyl-D-arabinal, and 3,4-di-O-acetyl-D-xylal,
with (1,3-dimethyl-2,4(1H,3H)-pyrimidinedion-5-yl)mercuric acetate in the presence of a stoichiometric
quantity of Li;Pd(0Ac),Cl, resulted in regio- and stereospecific carbon—carbon bond formation between
C-5 of the pyrimidine moiety and C-1 of the carbohydrate. Regiospecificity in this reaction results from
the dipolar nature of the enol ether double bond; stereospecificity derives from exclusive approach of the
metallopyrimidine reagent to the face of the carbohydrate (enol ether) opposite that bearing the allylic

acetate group.

In a preliminary report,? we described palladium-cata-
lyzed reactions of glycals, 1,2-unsaturated carbohydrates,
with a pyrimidin-5-ylmercuric salt which result in regios-
pecific carbon-carbon bond formation between C-5 of the
pyrimidine moiety and C-1 of the carbohydrate. This
reaction constitutes a new, facile C-nucleoside® synthesis.
We have also reported related studies involving palladi-
um-catalyzed reactions of other enol ethers and acetates.*®
Recently Czernecki and Gruy’ have reported related
palladium-catalyzed glycal arylation reactions.?

In the present report we (a) describe further studies of
the palladium-catalyzed reactions of glycals which we have
found to be sensitive to the nature of the anions present
in the reaction mixture,? (b) discuss mechanistic aspects
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Visiting Professor of Chemistry and Fulbright Scholar at Oregon Grad-
uate Center, 1980. (b) Department of Chemistry, Lehigh University,
Bethlehem, PA 18018; to whom reprint requests should be addressed.

(2) Arai, L; Daves, G. D., Jr. J. Am. Chem. Soc. 1978, 100, 287.

(3) For recent reviews of the biology and chemistry of C-nucleosides,
see: Daves, G. D., Jr.; Cheng, C. C. Prog. Med. Chem. 1976, 13, 303.
Hannessian, S.; Pernet, A. G. Adv. Carbohydr. Chem. Biochem. 1976, 3,
111.

(4) Arai, L; Daves, G. D., Jr. J. Org. Chem. 1978, 43, 4110.

(5) Arai, L; Daves, G. D., Jr. J. Heterocycl. Chem. 1978, 15, 351.

(6) Arai, L; Daves, G. D., Jr. J. Org. Chem. 1978, 44, 21.

(7) Czernecki, S.; Gruy, F. Tetrahedron Lett. 1981, 22, 437.

(8) Palladium-catalyzed allylic substitution of alkyl hex-2-eno-
pyranosides has also been accomplished. See: Baer, H. H.; Hanna, Z. S.
Can. J. Chem. 1981, 59, 889; Carbohydr. Res. 1981, 94, 43.
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103, 7684.
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of the addition reaction (which determines product regio-
and stereochemistry) and of adduct decomposition reac-
tions (which give rise to three discrete C-nucleoside
products),!? (c¢) discuss the chromatographic and spectro-
metric properties of these product C-nucleosides, and (d)
describe cyclization of an acyclic C-nucleoside produced
in the primary reaction.
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Regio- and Stereospecific Reactions of a Pyrimi-
dinylpalladium Reagent with Glycals. Reaction of
(1,3-dimethyl-2,4(1H,3H)-pyrimidinedion-5-yl)mercuric
acetate* (1, X = OAc) with 3,4,6-tri-O-acetyl-D-glucal'! (2)
in acetonitrile in the presence of a stoichiometric quantity
of the palladium(II) salt Li,Pd(OAc),Cl, afforded one
major product, (Z)-1,2-dideoxy-1-(1,2,3,4-tetrahydro-1,3-
dimethyl-2,4-dioxo-5-pyrimidinyl)-D-arabino-hex-1-enitol
3,4,6-triacetate (3) and two minor ones, 5-(4,6-di-O-
acetyl-2,3-dideoxy-a-D-erythro-hex-2-enopyranosyl)-1,3-
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Te-C angle, 87.62 (14)°, is considerably smaller than that
found in the unconstrained Ph,Te, molecule (98.9 (15)°).%
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Scheme 1. Palladium-Catalyzed Reaction of 3,4,6-Tri-O-acetyl-D-glucal (2) with
3,4-Dimethyl-2,4(1H,3H )-pyrimidinedion-5-yl (Py) Mercuric Acetate (1, X = OAc)

AcO

>~

— Pd — Py

-

N OAc

Y

dimethyl-2,4(1H,3H)-pyrimidinedione (4) and 1,3-di-
methyl-5-(3,4,6-tri-O-acetyl-2-deoxy-a-D-erythro-hex-2-
enopyranosyl)-2,4(1H,3H)-pyrimidinedione (5).%'2
These results indicate that adduct formation between
the pyrimidinylpalladium species and the glycal is both
regio- and stereospecific. Consideration of these and other
results*® and the known stereochemistries of other pal-
ladium-mediated addition and elimination processes!®!4
leads us to formulate the reactions as shown in Scheme
1.1 Approach of the pyrimidin-5-yl (Py) palladium com-
plex, formed in situ, is to the face of the cyclic enol ether
(which probably exists largely in a half-chair conformation
as depicted'®'") opposite that bearing the allylic acetoxy
group.? The result is regio- and stereospecific syn addition
of the pyrimidin-5-ylpalladium complex to the enol ether
double bond to form a single o-bonded palladium adduct.!?
Under the reaction conditions, this unstable palladium
adduct decomposes via three distinct processes; i.e., by (a)
anti elimination with alkoxide expulsion,'®2 ring cleavage
and formation of a Z olefinic bond in the resulting acyclic
carbohydrate moiety of 3, (b) antielimination of acet-
oxy*3%2 and palladium to form 4, and (c) syn elimination

(12) In our preliminary report? compound 5 was not identified.

(13) For general reviews of organopalladium chemistry see Henry, P.
M. Adv. Organomet. Chem. 1975, 13, 363. Trost, B. M. Tetrahedron
1977, 33, 2615. Heck, R. F. “Organotransition Metal Chemistry”; Aca-
demic Press: New York, 1974, Maitlis, P. M. “The Organic Chemistry
of Palladium”; Academic Press: New York, 1971; Vols. I and II. Tsuji,
J. “Organic Synthesis with Palladium Compounds”; Springer-Verlag:
Berlin, 1980.

(14) Béackvall, J. E.; Nordberg, R. E.; Bjérkman, E. E.; Moberg, C. J.
Chem. Soc., Chem. Commun. 1980, 943.

(15) Hall, L. D.; Johnson, L. F. Tetrahedron. 1964, 20, 883.

(18) Garcia, D.; Grunwald, E. J. Am. Chem. Soc. 1980, 102, 6407 and
references cited therein.

(17) See, however: Martin, J. C. Bull. Soc. Chim. Fr. 1970, 277.

(18) Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5535.

(19) Gondedard, M.; Gandemer, F.; Gandemer, A. Bull. Soc. Chim. Fr.
1973, 577.

(20) McKeon, J. E,; Fitton, P.; Griswold, A. A. Tetrahedron 1972, 28,
227.

(21) McKeon, J. E.; Fitton, P. Tetrahedron 1972, 28, 233.

(22) Majima, T.; Kurosawa, H. J. Chem. Soc., Chem. Commun. 1977,
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Scheme II. Stereospecific Addition of PyHgOAc
(1, X = OAc) to 3,4-Di-O-acetyl-D-arabinal (6) and
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of a hydridopalladium species to form enol acetate 5.12 As
noted in our preliminary report? and shown in Scheme I,
decomposition of the initial enol ether-organopalladium
adduct is constrained by conformational (as well as ste-
rict314) factors.

Independent evidence for the regio- and stereospecific
nature of adduct formation and the pivotal role of the C-3
allylic acetoxy group? was provided by study of the pal-
ladium-catalyzed reactions of (1,3-dimethyl-2,4(1H,3H)-
pyrimidinedion-5-yl)mercuric acetate (1, X = OAc) with
3,4-di-O-acetyl-p-arabinal® (6) and 3,4-di-O-acetyl-D-xylal®
(7), which are isomers enantiomeric at the site of the allylic
acetate function (C-3). Reaction of 1 with 6 and 7 yielded,
in each instance, a product mixture which contained a
single monoacetoxy C-nucleoside (Scheme II). Catalytic
reductions of these isomeric monoacetoxy C-nucleosides
(8 and 9), afforded the tetrahydropyranyl isomers 10 and
11. That the assigned stereochemistries of isomers 10 and
11 are correct is evident by examination of their H nuclear
magnetic resonance (!H NMR) spectra. The H-1 (anom-
eric H) resonance in each spectrum appears as a broad?’

(23) Henry, P. M; Ward, G. A. J. Am. Chem. Soc. 1971, 93, 1494.

(24) Wolfe, S.; Campbell, P. G. C. J. Am. Chem. Soc. 1971, 93, 1497.

(25) Humoller, F. L. In “Methods in Carbohydrate Chemistry”; Aca-
demic Press: New York, 1962; Vol. I, p 83.

(26) Weygand, F. In “Methods in Carbohydrate Chemistry”; Academic
Press: New York, 1962; Vol. 1, p 182.
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Table I. Influence of Anions (Cl, OAc~) on the
Li,PdX,-Catalyzed Reaction of
(1,3-Dimethyl-2,4(1H,3H)-pyrimidinedion-5-yl )mercuric
Salts (1) with 3,4,6-Tri-O-acetyl-D-glucal (2)

product yields?

ratio

Cl":0OAc” 3 4 5
5:0 0 0 0
3:2 37-40 0 0
2:3 60-73 ~10 ~10
0:5 0 ~40 ~40

¢ For reaction conditions see Experimental. Yields (%)
are of product isolated following chromatography of the
reaction mixture over silica gel; yields of 4 and 5 are
based on HPLC analysis of a mixture obtained by silica
gel column chromatography.

doublet, J = 10 Hz, indicative of an axial hydrogen;® i.e.
in each isomer the bulky pyrimidinyl moijety occupies an
equatorial position on the tetrahydropyranyl ring. The H-4
resonance of 10 appears as a complex multiplet with J, 5, ,
+ Jy5ae = 36 Hz (width of multiplet measured at base line)
estaBlishing this hydrogen as axial and the structure of 10
as (2R-trans)-5-[5-(acetyloxy)-5,6-dihydro-2H-pyran-2-
yl]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione (Scheme II).
Similarly, in the spectrum of 11 H-4 appears as a broad
resonance, Jy 5., + Jy3., = 14 Hz, indicative of an equa-
torial hydrogen and establishes 11 as (2S-cis)-5-[5-(ace-
tyloxy)-5,6-dihydro-2H-pyran-2-yl]-1,3-dimethyl-2,4-
(1H,3H)-pyrimidinedione (Scheme II). In each case, the
stereochemistry is that predicted by adduct formation via
syn addition of the pyrimidinylpalladium complex to the
face of the cyclic enol ether opposite that occupied by the
allylic acetate function at C-3 as depicted in Scheme 1.2
Effect of Change in Anion Ratios on Adduct For-
mation and Decomposition Reactions. The ionic con-
tent of the reaction medium influences both the initial
adduct formation and the subsequent adduct decompo-
sition processes (Table I).° If only chloride salts (i.e.,
PyHgCl, PdCl,, LiCl) are used, the pyrimidinylpalladium
glycal adduct (Scheme I) is not formed. If the CI:0Ac”
ratio is adjusted to 3:2 (by employing Pd(OAc),) adduct
formation occurs and a moderate yield of acyclic nucleoside
3 is produced. Increase of the relative concentration of
acetate to 2:3 C1:AcO~ results in a significant increase in
the yield of 3 but, under these conditions, low yields of 4
and 5 are also produced. Finally if only acetate anions are
present, adduct formation occurs but 3 is not formed and
the cyclic carbohydrate products 4 and 5 now account for
the bulk of the reactants consumed. Several effects are
evident: (a) high chloride content inhibits the pyrimidi-
nylpalladium~glycal adduct formation, (b) use of acetate
anions permits high yield adduct formation, (c) the car-
bohydrate ring-opening reaction with formation of acyclic
product 3 occurs in the presence of chloride ion and,
conversely, in the absence of chloride ion adduct decom-
position occurs with formation of cyclic products 4 and 5,
and (d) selection between the decomposition pathways
leading to 4 and 5 exhibits little sensitivity to these changes
in the anionic contents of the reaction mixtures.!®
Other Products of Reaction of 3,4-Di-O-acetyl-D-
glycal (6) and -xylal (7) with 1. In the reaction of 3,4-
di-O-acetyl-D-arabinal® (6) with 1 (Scheme II), in addition
to the acetoxydihydropyranyl C-nucleoside 8, (Z)-1,2-di-
deoxy-1-(1,2,3,4-tetrahydro-1,3-dimethyl-2,4-dioxo-5-py-
rimidinyl)-D-erythro-pent-1-enitol 3,4-diacetate? (12) was

(27) J} 2, is small.
(28) Hall, L. D. Adv. Carbohydr. Chem. 1964, 19, 51.

Arai et al.

formed in comparable yield. Similarly, reaction of 1 with
3,4-di-O-acetyl-D-xylal?® (7) produced, in addition to 9
(Scheme II), (2S-cis)-5-[4,5-bis(acetyloxy)-5,6-dihydro-
2H-pyran-2-yl]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione
(13). Finally, from this latter reaction mixture, two ad-
ditional products, neither of which are C-nucleosides, were
isolated. One of these, 5-[1,3-dimethyl-2,4(1H,3H)-pyri-
midinedion-6-yl]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione
(14) apparently arises by addition of the pyrimidinyl-
palladium species derived from 1 to 1,3-dimethyl-2,4-
(1H,3H)-pyrimidinedione® present in the reaction mixture
by reduction of 1.° The second side product, formed in
one reaction in trace amount, was identified as 3-[1,3-di-
methyl-2,4(1H,3H)-pyrimidinedion-5-yl]acrylonitrile (15)
formed by palladium-catalyzed addition of 1 to acrylo-
nitrile present as a trace contaminant in the acetonitrile
solvent.30
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Cyclization of Acyclic C-Nucleoside 3. Treatment
of (Z)-1,2-dideoxy-1-(1,2,3,4-tetrahydro-1,3-dimethyl-2,4-
dioxo-5-pyrimidinyl)-D-arabino-hex-1-enitol 3,4,6-tri-
acetate? (3), the acyclic C-nucleoside isolated in 72% yield
from palladium-catalyzed reaction of 1 and 2 (Scheme I,
Table I), with bromine in chloroform resulted in refor-
mation of the glucopyranosyl ring affording three products
(16-18) in 42, 20, and 6% yields, respectively (Scheme III).
The major product, 1,3-dimethyl-5-(3,4,6-tri-O-acetyl-2-
bromo-2-deoxy-3-D-glucopyranosyl)-2,4(1H,3 H)-pyrimi-
dinedione (16), possesses the relative stereochemistry at
carbohydrate ring carbons C-1 and C-5 (i.e., cis, 8) char-
acteristic of natural nucleosides including pseudouridine
and many C-nucleoside antibiotics.® Catalytic hydro-
debromination was facile affording the 2-deoxyglucopyrano
C-nucleoside 19 which possesses interesting structural
analogies with arabino nucleosides, many of which are
bioactive.?! Analogous hydrodebrominations of the minor,
a-anomers 17 and 18 yielded a single C-nucleoside 20; i.e.,
the a-anomer corresponding to 19.

Spectrometric Properties of Products. Structural
assignments are based on detailed analyses of spectro-
metric data and on chemical properties exhibited by the

(29) Yamauchi, K.; Kinoshita, M. J. Chem. Soc., Chem. Commun.
1973, 391.

(30) Kiesele, H. Anal. Chem. 1980, 52, 2230.

(31) Suhadolnik, R. J. “Nucleoside Antibiotics”; Wiley-Interscience:
New York, 1970.
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Scheme III. Cyclization of Acyclic C-Nucleoside 3
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various compounds. A summary of these data is contained
in Table II; in Figure 1 are 'H NMR spectra showing the
carbohydrate ring hydrogen resonances for bromo C-nu-
cleosides 16-18 which illustrate the detailed analyses of
coupling constants which permitted definitive assignments
of structure to be made.

All but two of the compounds prepared exhibited mo-
lecular ions in electron ionization mass spectra. For com-
pounds 4 and 8 no molecular ions were observed; loss of
acetic acid gave rise to [M - HOAc]* ions at m/z 292 and
220, respectively. Mass spectra provided little structural
information other than molecular composition since, in all
instances, high mass ions arise by losses involving acetate
groups of the carbohydrate moieties (i.e., AcOH, AcO;
CH,CO). It is noteworthy that ketene loss is prominent
only in spectra of enol acetates 5 and 13 and aided in
recognition of these products.

Ultraviolet spectrometry (Table II) provides a facile
means for identifying the acyclic C-nucleoside products
(8 and 12) which possess an altered chromophore owing
to conjugation of a double bond within the carbohydrate
moiety with the pyrimidine ring.%®

'H nuclear magnetic resonance spectra (Table II, Figure
1) contain data which, in most instances, permitted as-
signment of unique structures. For example, isomers 16-18
each possess conformations in which the pyrimidinyl
moieties occupy equatorial positions as evidenced by (a)
the chemical shifts of acetoxy methyl groups and (b) the
coupling constants exhibited by carbohydrate ring hy-
drogens. All C-nucleosides derived from glucal exhibit a
methyl hydrogen resonance at §(CDCly) 2.06-2.09 assign-
able to the C-6 acetoxy function; resonances for methyl
hydrogens of acetoxy groups at C-3 and C-4 appear at §
>2.09 when these groups are axial (e.g., in spectra of 17
and 18) and at § <2.06 when the acetoxy groups are
equatorial (e.g., in the spectrum of 16).? Examination of
coupling constants for carbohydrate ring hydrogens?%32
(Figure 1) confirms these conclusions and permits the
relative configuration of the bromo substituents at C-2 to

(32) Hall, L. D. In “The Carbohydrates”, 2nd ed.; Pigman, W., Horton,
D., Eds; Academic Press: 1980; Vol. 1B, pp 1300-1326.

Chromatographic and Spectrometric Properties of 1,3-Dimethyl-2,4(1H,3 H)-pyrimidinedion-5-yl C-Nucleosides

Table I1.
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¢ Methanol-water
€ M* — HOAc.

b Methanol-water (1:3), Waters u-Bondapak C,,, 3.9 X 300 mm, 1 mL/min.
d Resonances for which no multiplicities are indicated are singlets; where multiplicities are noted the notation reflects the apparent

b, broad; d, doublet; t, triplet; m, multiplet; dd, doublet of doublets, dt, doublet of triplets.

¢ Methanol-water (1:1), Waters u-Bondapak C,, 7.8 X 300 mm, 5 mL/min.

(1:2), Waters u-Bondapak C 4, 3.9 X 300 mm.
multiplicities without consideration of spin-spin interactions.
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Figure 1. 200-MHz 'H NMR spectra of the carbohydrate hy-
drogens of 2-bromoglucopyranosyl C-nucleosides 16-18 with
analysis of spin-spin interactions which permit assignments of
pyran conformations and substituent configurations: top, 1,3-
dimethyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-8-D-gluco-
pyranosyl)-2,4(1H,3H)-pyrimidinedione (16); middle, 1,3-di-
methyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-a-D-manno-
pyranosyl)-2,4(1H,3H)-pyrimidinedione (17); bottom, 1,3-di-
methyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-a-D-gluco-
pyranosyl)-2,4(1H,3H)-pyrimidinedione (18).

be established. Thus, in the spectra of 16 and 17, J;, =
10 Hz, showing that the bromo group is equatorial and
trans to the pyrimidinyl moiety, whereas in the spectrum
of 18 J, , = 3 Hz indicative that the bromo substituent in
axial and cis to the pyrimidinyl substituent at C-1.

Experimental Section

General Comments. Melting points were determined with
a hot-stage microscope and are uncorrected. Ultraviolet spectra
were recorded with a Cary-15 spectrophotometer, infrared spectra
were recorded with a Perkin-Elmer 621 spectrometer, and NMR
spectra were obtained by using Varian Associates HA-100 and
JEOL FX90Q spectrometers. Mass spectra were obtained with
a CEC (Du Pont) 21-110B mass spectrometer (direct insertion
probe) or a Du Pont 21-491 gas chromatograph—mass spectrom-
eter. High-resolution measurements were made by T. Wachs at
Cornell University. High-pressure liquid chromatography (HPLC)
was accomplished by using a Waters Associates instrument on
octadecylsilane columns eluted with water-methanol mixtures.
Column and thin-layer (TLC) chromatographies were carried out
on silica gel. Elemental analyses were carried out by R. Wielesek,
University of Oregon or Galbraith Laboratories, Knoxville, TN.

Reaction of (1,3-Dimethyl-2,4(1 H,3H)-pyrimidinedion-5-
yl)mercuric Acetate? (1) with 3,4,6-Tri-O-acetyl-D-glucal!
(2). A mixture of 2.2 g (10 mmol) of palladium acetate 0.8 g (20

Arai et al.

mmol) of lithium chloride, 4 g (10 mmol) of 1* and 4.1 g (15 mmol)
of 2! in 100 mL of acetonitrile was stirred at room temperature
for 2 days. A stream of hydrogen sulfide was then passed through
the reaction mixture for 15 min, and the insoluble material was
removed by filtration. The solvent was evaporated, and the
residue was chromatographed on silica gel using chloroform. Early
fractions yielded 0.8 g of a mixture of 5-(4,6-di-O-acetyl-2,3-di-
deoxy-a-D-erythro-hex-2-enopyranosyl)-1,3-dimethyl-2,4-
(1H,3H)-pyrimidinedione (4) and 1,3-dimethyl-5-(3,4,6-tri-O-
acetyl-2-deoxy-a-D-erythro-hex-2-enopyranosyl)-2,4(1H,3H)-py-
rimidinedione (5) in a ratio of approximately 1:1. Later fractions
vielded 3 g (78%) of (Z)-1,2-dideoxy-1-(1,2,3,4-tetrahydro-1,3-
dimethyl-2,4-dioxo-5-pyrimidinyl)-D-arabino-hex-1-enitol 3,4,6-
triacetate (3).

Anal. Caled for CIBH24N209 (3)' C, 524, H, 582; N, 6.80.
Found: C, 52.2; H, 5.76; N, 6.95.

Separation of 4 and 5 was accomplished by HPLC using the
conditions stated in Table II.

Anal. Caled for CIGH20N207 (4)' C, 545, H, 5.68, N, 7.95.
Found: C, 54.8; H, 5.91; N, 7.72.

Anal. Caled for CnggNgOg (5)' C, 527, H, 5.37; N, 6.82.
Found: C, 52.6; H, 5.35; N, 7.09.

When the anion content of the reaction mixture was modified
by varying the counterion (Cl” or OAc") of the salts PyHgX, PdX,,
and LiX, and the yields of the respective products were altered
as shown in Table I.

Reaction of (1,3-Dimethyl-2,4(1 H,3H)-pyrimidinedion-5-
yl)mercuric Acetate* (1) with 3,4-Di-O-acetyl-D-arabinal®
(6). A mixture of 1.1 g (5 mmol) of palladium acetate, 0.4 g (10
mmol) of lithium chloride, 2.0 g (5 mmol) of 1* and 1.5 g (7.5 mmol)
of 6% in 100 mL of acetonitrile was stirred at room temperature
for 1 day. Hydrogen sulfide was passed through the reaction
mixture for 15 min, the precipitate was removed by filtration, the
filtrate was evaporated, and the residue was chromatographed
on silical gel using methylene chloride and then chloroform—ether
(9:1) for elution to yield (2R-trans)-5-[5-(acetyloxy)-5,6-di-
hydro-2H-pyran-2-yl]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione®
(8), 290 mg (20%), and (Z)-1,2-dideoxy-1-(1,2,3,4-tetrahydro-
1,3-dimethyl-2,4-dioxo-5-pyrimidinyl)-D-erythro-pent-1-enitol
3,4-diacetate® (12), 550 mg (32%).

Anal. Caled for CigH;N,O5 (8): C, 55.7; H, 5.71; N, 10.0.
Found: C, 55.9; H, 5.89; N, 9.82.

Anal. Caled for C;sHy0N,O; (12): C, 52.9; H, 5.88; N, 8.24.
Found: C, 53.0; H, 5.97; N, 8.02.

Hydrogenation of (2R-trans)-5-[5-(Acetyloxy)-5,6-
dihydro-2H-pyran-2-yl}-1,3-dimethyl-2,4(1H,3H)-pyrimi-
dinedione? (8). To a solution of 200 mg of 8 in 50 mL of methanol
was added 20 mg of 10% palladium on charcoal. The resulting
mixture was shaken under 2 atm of hydrogen for 2 h. The catalyst
was removed, the solvent was evaporated, and the residual crude
product was purified by HPLC (H,0-MeOH, 2:1) to yield 160
mg of (2R-trans)-5-[5-(acetyloxy)-3,4,5,6-tetrahydro-2H-pyran-
2-yl]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione (10).

Reaction of (1,3-Dimethyl-2,4(1H,3H)-pyrimidinedion-5-
yl)mercuric Acetate? (1) with 3,4-Di-0-acetyl-D-xylal? (7).
A mixture of 1.65 g (7.5 mmol) of palladium acetate; 0.6 g (15
mmol) of lithium chloride in 75 mL of acetonitrile was stirred
at room temperature for 24 h. Then 3 g (7.5 mmol) of 1 and a
solution of 2.25 g (11.25 mmol) of 7 in 50 mL of acetonitrile were
added, and the mixture was stirred at room temperature for 48
h. A stream of hydrogen sulfide was passed through the reaction
mixture for 15 min, and the precipitated metal salts were removed
by filtration. The solvent was removed from the filtrate under
reduced pressure, and the residue was chromatographed over silica
gel using ethyl acetate-petroleum ether (3:1), ethyl acetate, and
ethyl acetate~-methanol (4:1) for elution. Early fractions yielded
a residue (690 mg) which was dissolved in a small volume of ether
and refrigerated overnight. The solid which formed (102 mg) was
separated, shown to be homogeneous by HPLC and identified
by its spectrometric properties (Table II) as (2S-cis)-5-[5-(ace-
tyloxy)-5,6-dihydro-2H-pyran-2-yl]-1,3-dimethyl-2,4(1H,3H)-py-
rimidinedione (9). Mass spectrum: calculated for M* - HOAc,
C1HpN,05, 220.0848: Found, 220.0848. The remaining material,
recovered by evaporation of the filtrate, was separated by HPLC
(Table II) to yield an additional 104 mg of 9 and (2S-cis)-5-
[4,5-bis(acetyloxy)-5,6-dihydro-2H-pyran-2-yl]-1,3-dimethyl-2,4-
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(1H,3H)-pyrimidinedione (13), 200 mg (eluted last).

Anal. Caled for C;;H;sN,O: C, 53.3; H, 5.33; N, 8.28. Found:
C, 53.1; H, 5.17; N, 8.12.

The final column eluate (ethyl acetate—methanol, 4:1) yielded
5-[1,3-dimethyl-2,4(1H,3H)-pyrimidinedion-6-yl]-1,3-dimethyl-
2,4(1H,3H)-pyrimidinedione!® (14): 365 mg; mass spectrum, m/z
278 (M*., 100%); UV A,y (EtOH) 269, 280 (sh) nm; 'H NMR
(CDCly) 3.32, 3.40, 3.44, 3.53 (N-Me), 5.66 (C-5H), 7.39 (C-6H).

In one experiment, a small amount of 3-{1,3-dimethyl-2,4-
(1H,3H)-pyrimidinedion-5-yl]-acrylonitrile (15): mass spectrum,
m/z 191 (M*, 100%), 164, 134, 106; UV A, (EtOH), 313, 255,
221 nm; 'H NMR (CDCl;) 3.38, 3.51 (NMe), 5.33 (C-2H, d, J =
12 Hz), 7.29 (C-3H, d, J = 12 Hz), 8.35 (C-6H, s).

Hydrogenation of (28)-cis)-5-[5-(Acetyloxy)-5,6-di-
hydro-2H-pyran-2-yl}-1,3-dimethyl-2,4(1 H,3H)pyrimidine-
dione (9). To a solution of 180 mg of 9 in 50 mL of tetra-
hydrofuran was added 20 mg of 10% palladium on charcoal. The
resulting mixture was shaken under 2 atm of hydrogen for 2 h.
The catalyst was removed, the solvent was evaporated, and the
residue was fractionated by HPLC (H,0-MeOH, 2:1) to yield 125
mg of (28-cis)-5-[5-(acetyloxy)-3,4,5,6-tetrahydro-2H-pyran-2-
y1]-1,3-dimethyl-2,4-(1H,3H)-pyrimidinedione (11) and 19 mg of
5-[8,4,5,6-tetrahydro-2H-pyran-2-yl]-1,3-dimethyl-2,4(1H,3H)-
pyrimdinedione.*

Treatment of (Z)-1,2-Dideoxy-1-(1,2,3,4-tetrahydro-1,3-
dimethyl-2,4-dioxo-5-pyrimidinyl)-D-arabino-hex-1-enitol
3,4,6-triacetate? (3) with Bromine. To 1.5 g of 3 in 150 mL
of chloroform cooled to 0 °C was added dropwise a solution of
bromine in chloroform until color persisted. The solvent was then
evaporated, and the residue was chromatographed on silica gel
using hexane—ethyl acetate (1:2) for elution. Two major elution
bands were observed. The first, 0.84 g, was further separated by
preparative liquid chromatography (see Table II) to yield 0.74
g (42%) of 1,3-dimethyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-
B-p-glucopyranosyl)-2,4(1H,3H)-pyrimidinedione (16) and 0.1 g
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(6%) of 1,3-dimethyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-a-D-
glucopyranosyl)-2,4(1H,3H)-pyrimidinedione (18). The second
band eluted from the silica gel column consisted of 0.36 g (20%)
of 1,3-dimethyl-5-(3,4,6-tri-O-acetyl-2-bromo-2-deoxy-a-D-
mannopyranosyl)-2,4(1H,3H)-pyrimidinedione (17). Character-
izing data which permit assignment of these structures are con-
tained in Table II and Figure 1.

Hydrodebromination of Bromonucleosides 16, 17, and 18.
A mixture of 0.1 g of 16, 17, or 18, 1 mL of triethylamine, and
50 mg of 5% palladium on carbon in 50 mL of methanol was
shaken under 2 atm of hydrogen for 1 h. The catalyst was removed
by filtration, the solvent was evaporated, and the residue was
chromatographed on silica gel using ether for elution to yield (from
16) 1,3-dimethyl-5-(3,4,6-tri-O-acetyl-2-deoxy-8-D-arabino-hexo-
pyranosyl)-2,4(1H,3H)-pyrimidinidione (19) or (from 17 or 18)
1,3-dimethyl-5-(8,4,6-tri-O-acetyl-2-deoxy-a-D-arebino-hexo-
pyranosyl)-2,4(1H,3H)-pyrimidinedione (20) in essentially
quantitative yields. Characterizing data for 19 and 20 are con-
tained in Table II.

Anal. Caled for CigHyN,Og: C, 52.4; H, 5.82; N, 6.80. Found
for 19: C, 52.6; H, 5.98; N, 6.72. Found for 20: C, 52.3; H, 5.89;
N, 6.83.
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Synthesis and Molecular Structure of
Bis(acetonitrilecuprio)carbidohexadecacarbonylhexaurthenium,
[ (CH,CN),Cu,Ru,C(CO),], a Bimetallic Carbidocarbonyl
Cluster Containing a Copper—Copper Bond

J. S. Bradley,*' Roy L. Pruett,’ Ernestine Hill," Gerald B. Ansell,* Michael E. Leonowicz,* and
Michelle A. Modrick}

Corporate Research Science Laboratories and Analytical and Information Division, Exxon Research and
Engineering Company, Linden, New Jersey 07036

Received September 4, 1981

The reaction of (Et,N);RugC(CO), 1, with Cu(MeCN)BF, in acetone gives (MeCN),Cu,RugC(CO) g,
2, in 77% yield. The crystal structure of 2 has been determined. The molecule crystallizes in the triclinic
space group PI with a = 10.122 (2) A, b = 16.364 (2) A, ¢ = 9.874 (2) &, « = 97.34 (1)°, 8 = 96.58 (2)°,
v = 77.89 (1)°, V = 1580 A% and Z = 2. Data were collected on an Enraf-Nonius CAD 4 automatic
diffractometer, and the structure was solved by using a combination of Patterson and direct methods and
Fourier techniques. All atoms were refined with anisotropic thermal parameters, and least-squares refinement
converged when residuals of R; = 0.033 and R, = 0.051 were reached. The cluster comprises a distorted
octahedral RugC core, capped by two directly bonded, nonbridged copper atoms. One copper atom caps
a trigonal Ru, face, the second a CuRu, face, with a copper—copper distance of 2.693 (1) A.

Introduction

As part of our continuing synthetic, structural and
catalytic studies in carbidocarbonyl cluster chemistry, we
recently reported the oxidative fragmentation of the oc-
tahedral iron cluster dianion FesC(CO),¢*! by reaction
with tropylium bromide in methanol, yielding Fe,(CO),-
CCO,CH;". This organometallic cluster was formed as
consequence of the reactivity of the cluster bond carbon
atom, exposed when two iron atom vertices were removed
from the encapsulating Feg polyhedron of the dianion. The
novelty of this fragmentation caused us to examine other
carbidocarbonyl clusters in a similar manner.

The high-yield synthesis of RugC(CO),¢>” from Rug(C-
0),,, which we reported earlier? enabled us to attempt the
extension of this work to a second row carbide-containing
cluster. However, we observed that tropylium bromide
oxidation of the hexaruthenium dianion resulted not in
cluster fragmentation but in the formation of an adduct
between the RugC core and the bitropy! produced in the
redox reaction.?*

RuC(CO);> + 2C,H,* — RugC(CO)14(CrHyy) + 2CO

Although this has led us to the facile synthesis of or-
ganometallic RugC clusters by oxidation of the dianion in
the presence of organic ligands,® the fragmentation of the
cluster eluded us.

We have attempted to achieve our goal by the oxidation
of RugC(CO),¢* by using inorganic cations. This paper
reports our observation of the formation of a bimetallic
carbidocarbonyl cluster by the reaction of cupric (or cup-
rous) ion with the dianion, in which the Ru4C core has
again remained intact. The product, (CH;CN),Cu,RugC-
(CO),4, 2, was synthesized most readily by reaction of
Cu(CH,;CN),*BF,” with (Et,N);RusC(CQO)y4, 1, in acetone.
Initially we had reacted Cu?* salts 1, but elemental analysis
revealed a Cu/Ru ratio of 1:3, so direct reaction with a
cuprous salt suggested itself as a more rational synthesis.
A similar synthesis of an analogous rhodium—copper cluster
(CH,CN),Cu,Rh,C(CO),; was recently reported® by Chini

tCorporate Research Science Laboratories.
* Analytical and Information Division.

and co-workers, and it was consideration of then unpub-
lished data on this system” which led us to understand the
nature of our initial observations in the ruthenium case
and to recognize the unusual aspects of the structure of
2, in which the two copper atoms are bonded to each other.
This is in contrast to their positions on opposite faces of
the trigonal prismatic RhgC core in the CusRhgC cluster
and appears to have implications for the comparative
strengths of Cu-Rh and Cu-Ru bonds.

Experimental Section

All solvents were dried and, when necessary, distilled by the
usual methods. (Et,N);RugC(CO),q was prepared by reaction of
Ru;(CO),; with NaMn(CO); in refluxing diglyme, as described
previously.? Cu(CH,CN),BF, was prepared by addition of HBF,
(48%) to an acetonitrile suspensions of cuprous oxide® All
transfers and manipulations were performed in an atmosphere
of dry nitrogen.

Synthesis of (CH,CN);Cu;RusC(CO)e (Et,N);RusC(CO)yq
(1.33 g, 1.0 mmol) was dissolved in dry acetone (50 mL), giving
a bright red solution to which was added a solution of Cu{(CHj;-
CN),BF, (0.75 g, 2.0 mmol) in acetone (20 mL). The reaction
solution immediately darkened, and the infrared absorbance of
the dianion were replaced by new bands at 2070 (m), 2030 (s),
1998 (sh), 1948 (sh), and 1850 (br) cm™ in methylene chloride
solutions of evaporated aliquots of the reaction mixture. The
acetone was removed under reduced pressure and the residue
washed with water and dried in vacuo. Extraction into methylene
chloride produced a deep red solution which, when diluted with
hexane and slowly evaporated yielded the product as a dark red
crystalline solid (0.98 g, 77%). Satisfactory elemental analysis
was obtained (Cu/Ru = 2:6.02). 'H NMR (60 MHz, CD,Cl,, 30

(1) Bradley, J. S.; Ansell, G. B,; Hill, E. W. J. Am. Chem. Soc. 1979,
101, 7417,
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1930.
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Strumolo, D.; J. Chem. Soc., Dalton Trans. 1980, 52.

(7) Personal communication from P. Chini.

(8) Inorg. Synth. 1900, 19, 90.
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Synthesis of [(CH3;CN);CuyRugC(CO);6f

Table I
A. Crystal Data

formula Ru,Cu,C,HN.O,

space group Pl

lattice const (23 °C)
a 10.122 (2) A
b 16.364 (2) A
c 9.874 (2)A
a 97.34 (1)°
B 96.58 (2)°
Y 77.89 (1)°
vV 1580 A®

Z 2

mol wt 1276

Pealed 268gem™?

abs corrn
m 41.65 em™'
type psi scans
max/min values 0.89-1.00

B. Data Collection

diffractometer Enraf-Nonius CAD 4

radiation Mo Ka 0.71073 A

monochromator graphite

scan range 0° < 20 < 55°

scan type 6-26

scan speed 2-20° /min

refletns examined 7481

refletns independent 7220

refletns obsd 6215

criterion I > 3a()

stability, check refletns 3% linear decrease over
experiment

°C): §2.30. 3C NMR (22.5 MHz, THF-dg, 30 °C): 458, 207 ppm.
IR (1CH2012} 2070 (m), 2030 (s), 1998 (sh), 1948 (sh), 1850 (m, br)
cm L,

Crystals suitable for X-ray diffraction were grown by slow
evaporation of a methylene chloride/hexane solution over a period
of 3 weeks. Data were collected® on a prism 0.25 X 0.25 X 0.25
mm sealed in a Lindemann capillary in contact with the mother
liquor from which it was grown. Table I contains a summary of
the crystallographic data and the experimental conditions under
which they were obtained. The metal atoms were located by a
combination of Patterson and direct methods,'? and the remaining
nonhydrogen atoms located by difference Fourier techniques. All
atoms were refined with anisotropic thermal parameters.
Least-squares refinement converged when residuals of R, = 0.033
and R, = 0.051 were reached. Atomic coordinates are listed in
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Figure 1. Structure of (MeCNCu);RugC(CO)yg.

Table II, bond lengths in Table III and relevant angles in Table
IV.

Discussion

The molecule (Figure 1) comprises a distorted octahe-
dron of ruthenium atoms encapsulating a carbon atom and
capped by two adjacent copper atoms, each bearing one
acetonitrile ligand.

The RugC unit, with a mean Ru-Ru distance of 2.89 +
0.18 A, is distorted from the regular octahedral array found
for the dianion in (Me/N);RugC(CO),6 in which the mean
Ru-Ru distance is 2.89 + 0.04 A (averaged over the two
independent clusters in the unit cell.'! In the CuyRugC
cluster the Ru-Ru bonds range from 2.798 (1) to 3.072 (1)
A and reflect the widely differing environments available
for the ruthenium atoms. The longest such bond, Ru-
(3)-Ru(6), is that most perturbed by the presence of the
two copper atoms, being the only Ru-Ru bond shared by
the two confacial tetrahedra Ru(3)(4)(6)Cu(1) and Ru-
(3)(6)Cu(1)(2), and the angles within these tetrahedra
reflect this elongation (Table IV).

The carbide atom, C(0), is located centrally in the Rug
cage, with a mean Ru—C(0) distance of 2.05 £ 0.02 A. This

Table II. Atomic Coordinates for (MeCN),Cu,Ru,C(CO),,

x ¥ z x by z

Ru(1)  0.66591 (4) 0.74370(3)  0.36070 (5) C(17) 1.3596 (8)  0.5031 (5) 0.2337 (8)
Ru(2)  0.75503 (5) 0.86284 (3)  0.21479 (5) C(18)  1.4730(9)  0.4315 (6) 0.2232 (11)
Ru(3)  0.86372(5) 0.69047 (3)  0.16676 (5) C(19)  1.2300(8) 0.7972(5) —0.1082(7)
Ru(4)  0.93619 (5) 0.68099 (3)  0.46410 (5) C(20)  1.3302(8) 0.8186 (6) —0.1848 (9)
Ru(5)  0.81784 (4) 0.85759 (3)  0.51511 (4) C(21)  0.8467 (5) 0.7751 (3) 0.3415 (5)
Ru(6)  1.03002 (4) 0.80781 (3)  0.34530 (5) 0(1) 0.5420 (5)  0.8347 (4) 0.6166 (5)
Cu(1)  1.11856(9) 0.64639 (6)  0.26963 (10)  O(2) 0.4040 (6)  0.7874 (5) 0.1828 (6)
Cu(2)  1.04783(10) 0.76068 (7)  0.08770 (9) 0(3) 0.5797 (6)  0.5896 (4) 0.4351 (7)
c(1) 0.6154 (6) 0.8161 (4) 0.5322 (7) 0(4) 0.4747 (7)  0.9698 (5) 0.1832 (10)
c(2) 0.5007 (7) 0.7735 (5) 0.2530 (7) 0(5) 0.6718 (6)  0.7751 (4) —0.0598 (5)
C(3) 0.6111 (7) 0.6498 (5) 0.4072 (8) 0(6) 0.6745 (6)  0.5709 (4) 0.0885 (7)
C(4) 0.5806 (8) 0.9285 (5) 0.1953 (9) 0(7) 0.9440 (8)  0.5021 (3) 0.3393 (6)
c(5) 0.7337 (7) 0.7803 (4) 0.0450 (6) 0(8) 0.7982 (6)  0.6528 (4) 0.7047 (6)
c(6) 0.7422 (8) 0.6176 (5) 0.1250 (7) 0(9) 0.8565 (7)  0.8663 (4) 0.8250 (5)
c(7) 0.9430 (9) 0.5701 (5) 0.3715 (8) 0(10)  0.6640 (6)  1.0375 (3) 0.5215 (7)
c(8) 0.8490 (7) 0.6651 (4) 0.6154 (7) 0O(11)  1.0714 (5)  0.9307 (3) 0.5983 (5)
C(9) 0.8385 (7) 0.8633 (4) 0.7091 (7) 0(12)  0.8408 (7)  0.9954 (3) 0.0769 (6)
Cc(10)  0.7223 (7) 0.9707 (4) 0.5156 (7) 0(13)  1.1272(6)  0.9403 (3) 0.2140 (6)
C(11)  1.0061 (6) 0.8906 (4) 0.5269 (6) 0(14) 1.3181(5)  0.7500 (4) 0.4621 (6)
C(12)  0.8110 (9) 0.9440 (4) 0.1290 (7) 0(15)  1.2045(6)  0.6461 (5) 0.6372 (7)
C(13)  1.0882(7) 0.8894 (4) 0.2581 (7) 0(16)  1.0221(7) 0.5846 (4) —0.0600 (6)
C(14)  1.2098 (6) 0.7688 (4) 0.4106 (7) N(1) 1.2736 (7)  0.5587 (4) 0.2452 (7)
C(15)  1.1061 (7) 0.6597 (4) 0.5677 (8) N(2) 1.1546 (7)  0.7796 (5)  —0.0480 (6)
Cc(16)  0.9672 (8) 0.6272 (5) 0.0251 (7)





750 Organometallics, Vol. 1, No. 5, 1982

Table I11I. Bond Lengths (A) (Esd’s in Parentheses)
A. Metal-Metal Bonds

Ru(1)-Ru(2) 2.906 (1) Ru(4)-Ru(6)  2.879 (1)
%u;(l;-gu@:)l 2222 51; Ru(5)-Ru(6) 2.798 (1)
u(l)-Ru(4 2. 1
Rl Ras)  zade(l) Quirou@  zes)
Ru(2)-Ru(3)  2.805 (1) Cu{I;_R:“{ 5 aTa E1;
RuQ-Ru(A) 2959 () Guo)Rue) 277 (1)
Al = .
Ru(4)-Ru(5) 2.890(1) ©Cu(2)---Ru() 3.376 (1)
B. Ruthenium-Carbon Bonds
Ru(1)-C(1) 1.991 (4)  Ru(4)-C(7) 1.917 (5)
Ru(1)-C(2) 1.884 (5)  Ru(4)-C(8) 1.891 (5)
Ru(1)-C(3) 1.864 (5)  Ru(4)-C(15)  1.887 (5)
Ru(2)-C(4) 1.867 (6) Ru(5)-C(1) 2.320 (4)
Ru(2)-C(12) 1.875(5) Ru(5)-C(11)  2.074 (4)
Ru(2)-C(5) 2.035(4) Ru(5)-C(9) 1.896 (4)
Ru(3)-C(5) 2.148 (5)  Ru(5)-C(10)  1.899 (5)
Ru(3)-C(6) 1.866 (5) Ru(6)-C(11) 2.109 (4)
Ru(3)-C(16) 1.907 (5) Ru(6)-C(13) 1.900 (5)
Ru(3)---C(7) 2.932(5) Ru(6)-C(14) 1.867 (4)
C. Ruthenium-Carbide Bonds
Ru(1)-C(0) 2.037 (4)  Ru(4)-C(0) 2.073 (4)
Ru(2)-C(0) 2.031(4)  Ru(5)-C(0) 2.050 (3)
Ru(3)-C(0) 2.069 (4)  Ru(6)-C(0) 2.031 (4)
D. Carbon-Oxygen Bonds
C(1)-0(1) 1.149 (5)  C(9)-0(9) 1.135 (5)
C(2)-0(2) 1.132 (6) C(10)-0(10) 1.127 (6)
C(3)-0(3) 1.170 (6)  C(11)-0(11)  1.150(5)
C(4)-0(4) 1.143 (7)  C(12)-0(12)  1.147 (6)
C(5)-0(5) 1.150 (5) C(13)-O(13)  1.145(5)
C(6)-0(6) 1.129 (6) C(14)-O(14)  1.151 (5)
C(7)-0(7) 1.115(6) C(15)-0(15)  1.141 (6)
C(8)-0(8) 1.129 (6) C(16)-0(16) 1.138(6)
E. Nonbonding Copper-Carbon Contacts
Cu(1)-C(7) 2.719 (5)  Cu(2)-C(13)  2.594 (5)
Cu(1)-C(14) 2.563 (5) Cu(2)-C(16) 2.471 (b)
Cu(1)-C(16) 2.727 (5)
F. Copper-Acetonitrile Bonds
Cu(1)-N(1) 1.906 (4) Cu(2)-N(2) 1.907 (5)
N(1)-C(17) 1.123 (6) N(2)-C(19) 1.122 (6)
C(17)-C(18) 1.461 (7) C(19)-C(20) 1.454 (7)

Ru2

Figure 2. The CuyRu, core.

position is very similar to that observed in other RusC
clusters—2.04 % 0.1 A for 1'° and 2.05 A for RugC(CO)y;.12

(9) (a) Data acquired from Molecular Structure Corp., College, Station,
TX. Structure solution and refinement were performed by us.

(10) All calculations were performed by using the Enraf-Nonius SDP
program package, an integrated set of computer programs for PDP 11
series computers.

Bradley et al.

Scheme I. 110-Electron Eight-Vertex Polyhedra'

O —¢f
/1N
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The eight metal atom core Cu,RugC (Figure 2) is unusual
in that two copper atoms are adjacent to one another
(Cu(1)-Cu(2) = 2.693 (1) A). Cu(1) caps the triangular
Ru(3)(4)(6) face of the Rug octahedron, and Cu(2) caps the
newly available Cu(1)Ru(3)(6) face. The Cu-Ru distances
range from 2.580 (1) to 2.741 (1) A.

The carbonyl ligands in 2 are arranged in a manner
remarkably similar to that found in the parent dianion 1.
Detailed comparison between the two clusters in this re-
spect is precluded by the fact that two sets of structural
parameters have been reported for salts of 1, as either the
tetramethylammonium salt? or the tetraphenylarsonium
salt.’® The principal difference between the two salts is
that there are three asymmetrically bridging carbonyls in
the former and four in the latter. However, in the Me,N*
salt a fourth carbonyl is highly disordered and tends to-
ward a semibridging position, and we agree with Johnson
et al.13 that a more precise determination of the position
of this ligand would probably reveal a more recognizably
bridging position. The structures of the two salts of 1 may
be considered as equivalent with 12 terminal and four
bridging carbonyls with varying degrees of asymmetry.

The geometry of the RugC(CQ),; fragment is not radi-
cally altered in forming the dicopper adduct. The m
symmetry of the dianion is destroyed thus distinguishing,
for example, the hitherto equal Ru(1)-C(1) bonds (1.944
(15) A in 1) as Ru(1)-C(1) and Ru(6)-C(11) (2.001 (4) and
2.101 (4) A, respectively). The highly asymmetric bridging
CO(7) in 1 is distorted even further (Ru(3)-C(7) = 2.939
(5) A, Ru(4)-C(7) = 1.927 (5) A). Other distortions are
discernible in the geometry of the carbonyl ligands, but
inspection of molecular models of 1 and 2 makes it ap-
parent that many of these are caused by a repulsive in-
teraction between the copper atoms and the carbonyls in
their vicinity. This observation clearly reduces the sig-
nificance which might be attached to the relatively short
nonbonding contacts between Cu(1) and C(7), C(14), C(16),
and Cu(2) and C(13), C(16), (see Table II).

The geometries of the two acetonitrile ligands are un-
remarkable, being approximately linear with normal C-C
and C-N distances.

The juxtaposition of the two copper atoms in this
cluster, without the benefit of bridging ligands, is curious.
The recent synthesis and structural characterization of
(CH3CN),CuyRhgC(CO)y58 by Chini and co-workers es-
tablished the ability of an L.Cu unit to cap triangular faces

(11) Ansell, G. B.; Bradley, J. S. Acta Crystallogr., Sect. B 1980, B36,
726.
(12) Sirigu, A.; Bianchi, M.; Benedetti, E. J. Chem. Soc., Chem. Com-
mun. 1969, 596.

(13) Johnson, B. F. G.; Lewis, J.; Sankey, S. W.; Wong, K.; McPartlin,
M.; Nelson, W. J. H. J. Organomet. Chem. 1980, 191, C3.
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Table IV. Bond Angles (Deg) (Esd’s in Parentheses)
A. Ru, Octahedron
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Ru(2)-Ru(1)-Ru(4) 91.23 (1) Ru(1)-Ru(4)-Ru(6) 90.63 (1)
Ru(3)-Ru(1)-Ru(5) 92.45 (1) Ru(3)-Ru(4)-Ru(5) 89.47 (1)
Ru(1)-Ru(2)-Ru(6) 88.02 (1) Ru(1)-Ru(5)-Ru(6) 92.04 (1)
Ru(3)-Ru(2)-Ru(5) 90.93 (1) Ru(2)-Ru(5)-Ru(4) 88.86 (1)
Ru(1)-Ru(3)-Ru(6) 86.42 (1) Ru(2)-Ru(6)-Ru(4) 89.65 (1)
Ru(2)-Ru(3)-Ru(4) 90.71 (1) Ru(3)-Ru(6)-Ru(5) 88.95 (1)
B. Copper-Ruthenium Tetrahedra
(i) Cu(1)Ru(3)(4)(6) (ii) Cu(1)(2)Ru(3)(6)
Ru(3)-Cu(1)-Ru(4) 66.59 (2) Cu(2)-Cu(1)~Ru(3) 58.77 (2)
Ru(3)-Cu(1)-Ru(6) 70.79 (2) Cu(2)-Cu(1)-Ru(6) 57.76 (2)
Ru(4)-Cu(1)-Ru(6) 64.61 (2) Ru(3)-Cu(1)-Ru(6) 70.79 (2)
Cu(1)-Ru(3)-Ru(4) 58.20 (2) Cu(1)-Cu(2)-Ru(3) 59.80 (2)
Cu(1)-Ru(3)-Ru(6) 54.46 (2) Cu(1)-Cu(2)-Ru(6) 60.22 (2)
Ru(4)-Ru(3)-Ru(6) 56.99 (1) Ru(3)-Cu(2)-Ru(6) 72.47 (2)
Cu(1)-Ru(4)-Ru(3) 55.21 (2) Cu(1)-Ru(3)-Cu(2) 61.43 (3)
Cu(1)-Ru(4)-Ru(6) 56.08 (2) Cu(2)-Ru(3)-Ru(6) 53.12 (2)
Ru(3)-Ru(4)-Ru(6) 63.48 (1) Cu(1)-Ru(6)-Cu(2) 62.02 (2)
Cu(1)-Ru(6)-Ru(3) 54.57 (2) Cu(2)-Ru(6)-Ru(3) 54.41 (2)
Cu(1)-Ru(6)-Ru(4) 59.31 (2)
Ru(3)-Ru(6)-Ru(4) 59.53 (1)
C. Angles at Carbon
Ru(1)-C(1)-0(1) 147.7 (4) Ru(4)-C(7)-0(7) 167.9 (5)
Ru(1)-C(2)-0(2) 175.8 (6) Ru(4)-C(8)-0(8) 177.6 (5)
Ru(1)-C(3)-0(3) 178.2 (5) Ru(4)-C(15)-O(15) 175.6 (5)
Ru(2)-C(4)-0(4) 178.9 (6) Ru(5)-C(1)-0(1) 129.9 (4)
Ru(2)-C(12)-0(12) 177.6 (5) Ru(5)-C(11)-0(11) 139.5 (3)
Ru(2)-C(5)-0(5) 141.2 (4) Ru(5)-C(9)-0(9) 177.1 (5)
Ru(3)-C(5)-0(5) 133.9 (4) Ru(5)-C(10)-0(10) 176.9 (5)
Ru(3)-C(6)-0(6) 173.4 (5) Ru(6)-C(11)-0(11) 136.5 (3)
Ru(3)-C(16)-0(16) 174.2 (5) Ru(6)-C(13)-0(13) 175.4 (4)
Ru(3)- - -C(7)-0(7) Ru(6)-C(14)-0(14) 173.4 (4)
Ru(1)-C(0)-Ru(6) 178.7 (2)
Ru(2)-C(0)-Ru(4) 177.1 (2)
Ru(3)-C(0)-Ru(5) 176.4 (2)
D. Copper-Acetonitrile Angles

Cu(1)-N(1)-C(17) 174.9 (5) Cu(2)-N(2)-C(19) 167.6 (5)
N(1)-C(17)-C(18) 178.2 (6) N(2)-C(19)-C(19) 178.7 (6)

of the trigonal-prismatic RhgC core. It was our expectation Scheme I1

that the two copper atoms would occupy threefold faces

of the octahedral RusC core, forming one of the three

possible isomers of the bicapped octahedron (Scheme I). —_—

This is the geometry predicted for an eight-atom 110-
electron cluster by the extended Hiickel molecular orbital
treatment applied by Lauher!* to metal atom polyhedra.

However, after Cu(1) has capped the Ru(3)(4)(6) face,
the second copper atom adds not to a remaining Ru, face,
but to the Cu(1)Ru(3)(6), in an apparent preference for
Cu—Cu bonding over Cu-Ru.

The copper~copper distance of 2.69 A is certainly con-
sistent with a bonding interaction between the copper
atoms, although this is not a sufficient criterion for met-
al-metal bonding.!®* This compared with values of 2.76
A for tetrahedral Cu,(SPh)g>,'® ~2.60 A for octahedral
H¢Cug(PPh;)e,!” and a mean value of ~2.82 A for the cubic
series Cug(i-MNT)*,182 Cug(DED)¢*,'8 and Cug-

(14) Lauher, J. W. J. Am. Chem. Soc. 1978, 100, 5305.

(15) Mehrotra, P. K.; Hoffmann, R. Inorg. Chem. 1978, 17, 2187.

(16) Coucouvanis, D.; Murphy, C. N.; Kanodia, 8. K. Inorg. Chem.
1980, 19, 2993.

(17) Bezman, S. A.; Churchill, M. R.; Osborn, J. A.; Wormald, J.; J.
Am. Chem. Soc. 1971, 93, 2063.

(18) (a) McCandlish, L. E.; Bissell, E. C.; Coucouvanis, D.; Fackler, J.
P.; Knogx, K. J. Am. Chem. Soc. 1968, 90, 7357. (b) Hollander, F. J.;
Coucouvanis, D. Ibid. 1977, 99, 6268. i-MNT, DED, and DTS are ab-
breviations for the sulfur ligands [(CN),C=CS,]%, [(C,Hs0,C),C=CS,]%,
and [C,0,8,]% (dithio squarate).

(19) Bradley J. S.; Ansell, G. B., submitted for publication in Acta
Crystallogr.

(DTS)*.1% In each of these cases, bridging ligands are
present, and metal-metal bonding is invoked. Indeed, in
the case of the three cubic clusters the constancy of the
Cu—Cu distance in spite of the differing steric properties
of the three bidentate bridging ligands has been taken as
strong evidence for metal-metal bonding as opposed to a
nonbonding, ligand-imposed juxtaposition.

In 2, the copper atoms are not simply held at a short
internuclear distance from each other by virtue of the
proximity of the capping positions on adjacent triangular
faces of the octahedral RugC core. Such a geometry, sim-
ilar to isomer b in Scheme I, would be described by equal
Cu(1)-Ru(4) and Cu(2)-Ru(2) distances. The fact, these
distances differ by 0.65 A, Cu(2)-Ru(2) being elongated
to 3.38 A in order to accommodate the short Cu(1)-Cu(2)
contact. This preference for a short copper—copper dis-
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tance at the expense of a copper—ruthenium bond certainly
seems consistent with the presence of an attractive cop-
per—copper interaction.

Since there exists no thermodynamic data for copper—
ruthenium bond strengths in molecular species, it is dif-
ficult to explain convincingly the geometry adopted by the
cluster. Indeed any explanation based purely upon com-
parisons between Cu~-Ru and Cu~Cu bond energies will
have to accommodate the structure of a related copper-
ruthenium cluster, (toluene),Cu,Rugz(CO),s, in which the
two cgpper atoms cap opposite faces of the Ru; octahedral
core.

Acknowledgment. We wish to thank Dr. J. Johnson
and Dr. G. Doyle of Exxon Research and Engineering Co.,
for fruitful discussions, and to acknowledge helpful dis-
cussions with the late Professor P. Chini and for data on
the CuyRhg system prior to publication.
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Summary: The synthesis and single-crystal X-ray struc-
ture of an organometallic complex of nickel(II) formed
from the lithium reagent LiCH,P(S)Ph,, Ni(mtp)}(PPh;)ClI,
are described.

Ylides coordinate to metal ions both as monodentate and
bidentate ligands."? The bidentate coordination of
phosphorus ylide anions I is analogous to coordination by

CH S CH
\M< 2\p/ \M/ o \M/ N
VAT VA S /N7

I I I11

phosphoranyldithioate ligands II. The phosphoranyldi-
thioates are found to have many important properties.® In
view of the nearly identical electronegativities* of carbon
and sulfur we were intrigued with the possibility that the
anion CH,P(S)R,™ might function as an organometallic
chelate, bonding to metals through both carbon and sulfur.
Furthermore, M-S bond lability® suggested that organo-
metallic products of type III might display some interest
in new organometallic chemistry.
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Seyferth and co-workers®’ have shown that phosphine
oxides and sulfides react with methyllithium to yield
LiCH,P(X)(C4Hj)g, X = S and O. The lithium methy-
lenethiophosphinate, Li(mtp), reacts readily with metal
halide species, and, in the case of (PhyP),NiCl,, the reac-
tion product NiCH,P(S)Ph,(PPh;)C1,Ni(mtp){(PPh3)Cl,
has been characterized by X-ray crystallography. This
compound is the first member of an ostensibly, rather large
class of new sulfur-containing transition-metal organo-
metallic species. The nickel(II) complex shows exceptional
stability to reaction with air.

Preparation. Methyllithium (ca. 1.2 M in diethyl ether)
is added dropwise to 1 equiv of triphenylphosphine sulfide
in a 1:2 THF-Et,0 solution under nitrogen. The resulting
amber solution is stirred for 1 h, and 1 equiv of NiCl,-
(PPhy), is added directly to the reaction mixture. A red
precipitate forms immediately, although stirring is con-
tinued for 24 h. The yield is 75%. The precipitate initially
was removed by filtration under nitrogen but subsequently
was found to be stable in air. Repeated recrystallization
from CH,Cl, and washing with acetone produces bright
red orthorhombic crystals, mp ca. 140 °C dec. Anal. Calcd
for NiCq,H,,P,SCL C, 63.35; H, 4.63%. Found: C, 63.24;
H, 4.87%.

Results and Discussion. The Ni(mtp)(PPhy)Cl is
soluble in dichloromethane and tetrahydrofuran; however,
only the dichloromethane solutions are stable in air for
more than a few minutes. The infrared spectrum exhibits
weak methylene vibrations at 2920 and 2840 ¢cm™, in ad-
dition to the peaks arising from the phosphine and mtp
phenyl groups. The 'H NMR spectra for the diamagnetic
material in CD,Cl, at ambient temperature shows a broad
resonance at § —0.56 which is assigned to the methylene
protons. A doublet 2Jpcy = 10 Hz is observed at tem-
peratures below —20 °C in CDCl;. Several peaks are found
in the phenyl region (§ 7.3-7.7). The methylene proton
resonance shows that the complex is fluxional in solution.
Mixed ligand dithiolate complexes of nickel(II) generally
are fluxional.® In this case either Ni-S or Ni-C bond
rupture (or both) may occur with a low activation energy
(less than 40 kJ/mol).

While spectroscopic studies were ambiguous with regard
to the structure of Ni(mtp)(PPhy)Cl, the X-ray crystal
structure is not. Standard crystallographic procedures®

(8) See, for example: Masters, A.; Fackler, J. P., Jr. Inorg. Chim. Acta
1980, 39, 111-118.
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tance at the expense of a copper—ruthenium bond certainly
seems consistent with the presence of an attractive cop-
per—copper interaction.

Since there exists no thermodynamic data for copper—
ruthenium bond strengths in molecular species, it is dif-
ficult to explain convincingly the geometry adopted by the
cluster. Indeed any explanation based purely upon com-
parisons between Cu~-Ru and Cu~Cu bond energies will
have to accommodate the structure of a related copper-
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phosphoranyldithioate ligands II. The phosphoranyldi-
thioates are found to have many important properties.® In
view of the nearly identical electronegativities* of carbon
and sulfur we were intrigued with the possibility that the
anion CH,P(S)R,™ might function as an organometallic
chelate, bonding to metals through both carbon and sulfur.
Furthermore, M-S bond lability® suggested that organo-
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precipitate forms immediately, although stirring is con-
tinued for 24 h. The yield is 75%. The precipitate initially
was removed by filtration under nitrogen but subsequently
was found to be stable in air. Repeated recrystallization
from CH,Cl, and washing with acetone produces bright
red orthorhombic crystals, mp ca. 140 °C dec. Anal. Calcd
for NiCq,H,,P,SCL C, 63.35; H, 4.63%. Found: C, 63.24;
H, 4.87%.

Results and Discussion. The Ni(mtp)(PPhy)Cl is
soluble in dichloromethane and tetrahydrofuran; however,
only the dichloromethane solutions are stable in air for
more than a few minutes. The infrared spectrum exhibits
weak methylene vibrations at 2920 and 2840 ¢cm™, in ad-
dition to the peaks arising from the phosphine and mtp
phenyl groups. The 'H NMR spectra for the diamagnetic
material in CD,Cl, at ambient temperature shows a broad
resonance at § —0.56 which is assigned to the methylene
protons. A doublet 2Jpcy = 10 Hz is observed at tem-
peratures below —20 °C in CDCl;. Several peaks are found
in the phenyl region (§ 7.3-7.7). The methylene proton
resonance shows that the complex is fluxional in solution.
Mixed ligand dithiolate complexes of nickel(II) generally
are fluxional.® In this case either Ni-S or Ni-C bond
rupture (or both) may occur with a low activation energy
(less than 40 kJ/mol).

While spectroscopic studies were ambiguous with regard
to the structure of Ni(mtp)(PPhy)Cl, the X-ray crystal
structure is not. Standard crystallographic procedures®

(8) See, for example: Masters, A.; Fackler, J. P., Jr. Inorg. Chim. Acta
1980, 39, 111-118.
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Table I. Positional, Thermal, and Anisotropic Thermal Parameters for Ni[CH,P(S)Ph,}CI(PPh,)

atom x y z B, A? atom x y z B, A?
C2A 0.6997 (7) 0.6682(5) 0.0083(3) 3.7(2) Cl1AA 0.3579(7) 0.8179(5) 0.1479(2) 3.6(2)
C2B 0.8390 (7) 0.5422(5) 0.0556(2) 3.4(2) ClAB 0.4050(7) 0.8237(5) 0.2179(2) 3.2(2)
C2AA 0.6950(9) 0.7586(6) -0.0613(3) 5.4(2) ClAC 0.3075(8) 0.8830(5) 0.2232(3) 4.0(2)
C2AB  0.6126(8) 0.6485(6) -0.0196(6) 4.8(2) CILAD 0.2627(8) 0.8769(5) 0.1541(3) 4.2(2)
C2AC  0.6103(9) 0.6943(6) -0.0556(3) 5.8(2) ClAE 0.2400(8) 0.9085(5) 0.1909(3) 4.0(2)
C2AD 0.7788(8) 0.7778(6) —0.0343(3) 5.1(2) Cl1BA 0.4841(8) 0.5973(5) 0.2260(3) 4.7(2)
C2AE 0.7874 (8) 0.7327 (5) 0.0024 (3) 4.6(2) C1BB 0.6463(8) 0.6872(5) 0.2508(3) 3.9(2)
C2BA  0.9473(9) 0.5687(5) 0.0736(3) 5.0(2) C1BC 0.4759(9) 0.5581(6) 0.2642(3) 5.7(2)
C2BB 0.05622(9) 0.5151(7) 0.0725(3) 6.1(2) C1BD 0.5573(8) 0.5831(6) 0.2935(3) 4.8(2)
C2BC 0.0452 (9) 0.4353(6) 0.0554 (3) 5.2(2) CIBE 0.6381(8) 0.6476(6) 0.2874(3) 4.8(2)
C2BD 0.9389(9) 0.4092(6) 0.0381(3) 5.2(2) C1CA 0.8142(7) 0.7623(5) 0.1768(2) 3.6(2)
C2BE 0.8332(8) 0.4620(6) 0.0384(3) 5.1(2) CiCB 0.7785(8) 0.9310(5) 0.1551(3) 4.8(2)
ClA 0.4296 (6) 0.7908 (4) 0.1798(2) 2.3(1) C1CC 0.8957(8) 0.8994(6) 0.1598(3) 4.8(2)
C1B 0.5693 (6) 0.6619 (4) 0.2187(2) 2.6(1) C1CD 0.6761(7) 0.8769(5) 0.1603(3) 3.6(2)
C1C 0.6925(6) 0.7918 (4) 0.1710(2) 2.5(1) CI1CE 0.9134(8) 0.8164(6) 0.1716(3) 4.4(2)
atom X Yy 2 B, By, B, B, By, By

Ni 0.54206 (8)  0.63786 (6)  0.11801 (3)  25(1) 26(3) 27(13) -1(1) 1(2) -1(3)
P(1) 0.5595 (2) 0.7190 (1) 0.17139 (6) 20 (1) 25 (3) 27 (13) 0 (1) 0(2) 0(3)
P(2) 0.7027 (2) 0.6096 (1) 0.05570 (7) 31 (1) 33(3) 36 (13) -2(1) 4(2) -3(3)

S 0.5443 (2) 0.5458 (1) 0.06494 (7) 35(1) 37(3) 40 (13) -5(1) 4(2) -5(3)
Cl 0.3517 (2) 0.5940 (1) 0.13275(6) 27 (1) 44 (3) 36 (13) -4 (1) 1(2) 0(3)
C 0.7042 (7) 0.6802 (5) 0.0974 (3) 39 (4) 39 (4) 45 (13) -6 (2) 9(2) -8(3)

Figure 1. The molecular structure of Ni[CHy(S)PPh,]Cl(PPh,).
Bond lengths: Ni-C = 1.999 (8) A, Ni-8 = 2.284 (2) Aa, Ni~P(1)
= 2.197 (2) A, Ni-Cl = 2.216 (2) A, P(2)-S = 1.999 (3) A, P(2)-C
=1.776 (8) A, S--CH, = 2.922 (8) A. Bond angles: S-P(2)-CH,
= 101.3 (3)°, S-Ni-Cl = 89.3 (2)°, CI-Ni-P(1) = 94.4 (2)°, S-Ni-C
= 86.0 (3)°, P(1)-Ni-C = 90.9 (3)°.

yielded R = 0.070 and R,, = 0.071 for 2817 independent
data with Ni, S, Cl, P, and CH, carbon atoms refined
anisotropically. The structure is presented in Figure 1.

The NiSPCCI atom core of Ni(mtp)PPh;Cl is nearly
planar (root mean square deviation 0.097 A)., The P(2)-
CH, distance of 1.776 (8) A is close to the distance observed
in other phosphorus ylide complexes."? The chelate bite
distance of 2.922 (8) A is not unusually short, and conse-
quently the S-Ni—C angle of 86.0 (3)° is only a few degrees
smaller than ideal for a square-planar complex. The S-
P(2)-CH, angle of 101.3 (3)° is the same internal angle as
fOU.nle in Ni(SZPPh2)2. In {Ni[(CH2)2P(0H3)2]2} the in-
ternal CH,-P-CH, angle is!! 97.7°.

(9) Crystal data: CyHy,P;SCINi: mol wt 587.74, crystal dimensions
of disk ca. 0.2 mm diameter X 0.1 mm thick, orthorhombic, space group
Pbca (No. 61),a =10.672(2) A, b = 15617 (6) A, c = 33425 (8) A, V =
5516 (3) A3, pacq = 1.40 g/cm?, popes = 1.40 (8) g/cm?, Z = 8, u(Mo Ka)
= 10.0 em™. Intensity data (5692 reflections, 2.0 < 20 < 55°, h,k,l) were
recorded on a Syntex P2, four-circle diffractometer at ambient temper-
ature (ca. 22 °C) with graphite-monochromated Mo K« radiation. The
2870 reflections with I > 3.00(J) were corrected'? for Lorentz, decay, and
polarization effects (not corrected for absorption—transmission factors
range from 0.8 to 0.9). The number of parameters read including phenyl
hydrogen atoms was 673, of which 180 were varied. The final difference
map contained a peak intensity corresponding to 0.7 e/A3.

(10) Porta, P.; Sgamellotti, A.; Vinciguerra, N. Inorg. Chem. 1968, 7,
2625.

(11) Brauer, D. J.; Kruger, D.; Roberts, P. J.; Tsay, U.-H. Chem. Ber.
1974, 107, 3706-3715.
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The air stability of crystalline Ni(mtp) (PPhy)Cl is ex-
ceptional for an organometallic alkyl complex of nickel(II).
Solution reactivity with various solvents, olefins, and other
species is being examined. Exploratory studies have shown
that other transition-metal complexes of mtp can be syn-
thesized readily. These results will be reported later.
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Scheme I
! M
R-C=Cc-r' MM, p_clcrR
\Mf
R-C—C-R’
e M/_\_;z_}w
AN/ ¢
Scheme II
JR’
R~ o M. , Fecon
7 Fe . A RAN o 3g
N Yo
(C5H51Nt— {CSHSIN"__FE{CO}:s (CgHgINi
1M=Mo(COl,Cp 5 M=Mo(CO),Cp 6 M=ColCOly
2M:= ColCO) , 7 M=NiCp
s 3 R=C05CHMe, ; R=Ph
4M=NiCp 2y

and M’ = (CsHs)Mo(CO),, Co(CO)s,, or (CsHs)Ni react with
Fe,(CO), to give square-pyramidal chiral clusters of gen-
eral formula (RCEGR’)MM'FG(CO}S. When M’ = Co(C-
0)s, 6, or (CsHg)Ni, 7, the Fe(CO), moiety caps the basal
plane whereas when M’ = (CgH:)Mo(CO),, 5, the latter

moiety caps the basal plane comprised of C-C-Ni-Fe
atoms.

The current burgeoning interest in the synthesis of
mixed organotransition-metal clusters may be attributed
not only to their potential use as catalysts but also to their
low symmetry—an undoubted advantage in ligand ster-
eolability studies.?® Only very recently, however, have
nonserendipitous routes to tri- or tetrametallic clusters
appeared. One general approach is to add metal fragments
to unsaturated moieties such as metal-metal multiple
bonds?< or metal-carbyne linkages.® The Geoffroy-
Gladfelter approach, viz., the addition of metal carbonyl
anions to formally coordinatively saturated precursors, also
shows great promise for future generalization.*® A
preparative strategy® based upon the possible inter-
changeability of cluster skeletal components (using
structurally and electronically similar moieties) has been
applied to chiral clusters; however, it would appear that
stepwise combination of the required metal fragments
provides an alternative synthetic method for heteronuclear
trimetallic clusters.

We report here several examples of a designed synthetic
procedure (Scheme I) in which an alkyne is used as the
bridging ligand for the metal centers.

Results and Discussion. We have reported that a
series of mixed dimetal-alkyne complexes (e.g.,
(RC,R/)[CpNi-Mo(C0)sCp], 1, (RC,R")[CpNi-Co(CO)s],
2, (RC,R’)[CpNiMn(C0),], 3) is readily accessible in rea-

(1) (a) Ecole Nationale Supérieure de Chimie. (b) Université de
Rennes 1. (c) Institut de Recherche sur la Catalyse, (d) McMaster
University.

(2) (a) Geoffroy, G. L. Acc. Chem. Res. 1980, 13, 469-476. (b) Cirjak,
L. M.,; Huang, J. S;; Zhu, Z. H.; Dahl, L. F. J. Am. Chem. Soc. 1980, 102,
6623-6626. (c) Churchill, M. R.; Hollander, F. J.; Lashewycz, R. A
Pearson, G. A.; Shapley, J. R. J. Am. Chem. Soc. 1981, 103, 2430-2431.

(3) (a) Stone, F. G. A. Inorg. Chim. Acta 1981, 50, 33. (b) Brun, P,;
Dawkins, G. M.; Green, M.; Mills, R. M.; Salain, J.-Y.; Stone, F. G. A.;
Woodward, P. J. Chem. Soc., Chem. Commun. 1981, 966. (c) Stone, F.
G. A. Acc. Chem. Res. 1981, 14, 318,

(4) Gladfelter, W. L.; Geoffroy, G. L. Adv. Organomet. Chem. 1980,
18, 207-273.

(5) Johnson, B. F. G. In “Transition Metal Clusters”; Johnson, B. F.
G., Ed.; Wiley-Interscience: New York, 1980; p 1.

(8) Richter, F.; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1978,
17, 864; 1980, 19, 65.

Communications

Figure 1. ORTEP diagrams showing structures of molecules 5 and
6.

sonable yields (~40%) by heating at 100 °C the alkyne,
nickelocene, and the appropriate metal carbonyl complex
CpsMoy(CO)g, Coys(CO)g, or Mny(CO)y.” When treated
with Fey(CO)g, these compounds (as do the related
(RC,R)[CpNi-NiCp] derivatives, 4) yield heterotrimetallic
species® as typified in Scheme II.

The molecules (RC;R’)(CpNiFe(CO);M) have been
characterized crystallographically® (see Figure 1) for M =
Mo(CO),Cp, 5, Co(CO);, 6, and CpNi, 7, but we wish to
focus not on the detailed structures but rather on the
overall geometries and fluxional behavior of these systems.
In 6 and 7 the final structural component, viz., the Fe(CO)4
unit, caps the basal plane comprising the four original
cluster vertices. In contrast, 5 has the Fe(CO), in the basal
plane which is capped by the CpMo(CO), group. Fur-
thermore, in 5 if all the carbonyls are regarded as terminal,
the EAN formalism is not appropriate since the Fe, Ni,
and Mo atoms would possess 17-, 18-, and 19-electron
counts, respectively. The molecule attempts to alleviate
the situation via a weak semibridging interaction between
a carbonyl on Mo (Mo—C = 1.97 (2) A) and the basal Fe
atom (Fe-C = 2.96 (2) A). All other bond distances are
normal. Formally, the observed structure could have arisen

(7) Jaouen, G.; Marinetti, A.; Saillard, J. Y.; Sayer, B. G.; McGlinchey,
M. J. Organometallics 1982, 1, 225.

(8) Among other products, an (alkyne)FeNi, cluster was isolated al-
most 20 years ago: Tilney-Bassett, J. F. J. Chem. Soc. A, 1963, 4784.

(9) Equimolar amounts of 2 and Fe,(CO), were heated at 40 °C in
heptane for 3 h under nitrogen. (uz-PhCyCO4-i-Pr)[CpNiFe(CO)4Co-
(CO)s), 6 (mp 120 °C; m/z 593.9001, caled 593.896; IR (CHCl,) vco 2060
(s), 2015 (vs), 2000 (s), 1970 (m), 1960 (m), 1950 (m) cm™) was obtained
in 85% yield as the only isolable product after recrystallization from
heptane/CHCl;. Similarly, 1 led to (PhC,CO4-i-Pr)[Fe(CO)sNiCpMo-
(CO),Cp], 5 (mp 145 °C, m/z 585.929 (M - 3CO), calcd 585.9274; IR
(heptane) vgo 2028 (vs), 1970 (vs), 1876 (w), 1830 (w) cm™); also
(PhC,CO4i-Pr)NiyCps, 4, led to (PhCyCO4-i-Pr)[Cp,NiyFe(CO)yl, 7 (mp
125 °C; m /2 573.9528, caled 573.9522). Interestingly, the same procedure
applied to the (RC3R')[Cog(CO)g] series slowly gave rise to a gray material
that decomposed during TLC separation to yield starting material.
(PhC,CO,Et)Ni;,CpoFe(CO); was stirred with an excess of Fey(CO)g in
CH,Cl, at 40 °C for 4 h to give the tetrametallic cluster (PhC,CO Et)-
Ni,Cp,Fe,(CO)g, 8, in 20% yield: mp 180 °C; mass spectrum, m/z
699.8518, caled 699.85635; IR (CHCly) vgg 2050 (m), 2020 (m), 2000 (s),
1970 (sh), 1953 (s), 1712 (m) cm™. The molecular structure of the diethyl
analogue of 8, viz., (Et,Cy)Ni,Cp,Fey(CO)g, prepared as in ref 8, has been
reported recently: Marinetti, A.; Sappa, E.; Tiripicchio, A.; Tiripicchio-
Camelli, M. Inorg. Chim. Acta 1980, 44, L183. 5, FeNiMo0,Co;Hae; M,
= 668.966; triclinic; P1; a = 8.634 (3) A, b = 9.879 (2) A, ¢ = 15.471 (5)
A, a =90.71 (2)°, 8 = 100.32 (3)°, v = 99.16 (2)°, V = 1280.5 A%, Z = 2.
Full-matrix least-squares refinement by the heavy-atom method gave R
= (.053 and R,, = 0.055 for 2608 independent reflections: radiation Ag
Ka, 0 range 1-21°, refined scale factor 0.267 (3)°; residual electron density
after last difference Fourier synthesis, 0.47 e/ As near the heavy atoms.
6, FeCoNiOgCpH,;: M, = 594.88; triclinic; P1; a = 8.179 (1) A, b = 11.910
(2) A, c = 12512 (4) A, « = 94.02 (2)°, § = 106.73 (2)°, v = 90.33 (2)°,
V =1163.9 A% d g4 = 1.697 g-em™ for Z = 2; p(MoKa =21.7cm™; F >
30 (F); 20 max 60°; R = 0.046 for 3312 reflections. 7, Ni,FeO,CoHyy: M,
= 575.715; triclinic; P1; a = 8.313 (2) A, b = 9.648 (3) A, c = 13.149 (3)
A, a =104.97 (2)°, 8 = 102.84 (1)°, v = 93.94 (2)°, V =1209 A% d g =
1.58 g-cm™® for Z = 2. For 3122 independent reflections, (I = 24(I)), R
= 0.041 and R, = 0.047.





Communications

Scheme III

by rotation of the alkyne with respect to the metal triangle
in the presumed initial product, viz., with Fe capping the
Mo-Ni-C-C plane. This observation parallels that very
recently reported by Stone et al.,!° who showed that in
(R,Cy)CpyW,0s(CO), the pyramidal cap of the M,C, plane
can be either W or Os.

One must try to rationalize the facility with which these
reactions occur since the tetrahedral precursors are sup-
posedly coordinatively saturated; nevertheless, even the
absence of a manifest metal-metal multiple bond in the
bimetallic complexes does not prevent the ready addition
of organometallic fragments. A useful bonding picture is
based on the Wade-Williams-Rudolph~Mingos!! approach
to electron-deficient clusters. This view!? regards the initial
tetrahedral molecules 1 through 4 as nido-trigonal bipyr-
amids and the clusters 5, 6, and 7 as nido-octahedral
systems each possessing five vertices and seven electron
pairs for cluster skeletal bonding. This delocalized picture
not only obviates the EAN requirements of the Fe and Mo
atoms in 5 but also provides a vacant coordination site on
the cluster surface; thus 5, 6, and 7 should be capable of
ready cluster expansion and should also be fluxional as are
their tetrahedral precursors.” Both of these predictions
are valid. Thus, addition of a second Fe(CO); unit to
(RC2R’)[Cp2Ni2Fe(CO)3], 7, yields (RCZR/)[szNizFez'
(CO);), 8—a nido-pentagonal bipyramid—as depicted in
Scheme III. The general idea of polyhedral expansion was
developed by Hawthorne for metallocarboranes!® and was
recently extended to metal-carbido clusters.!*

The pentanuclear systems 5, 6, and 7 may be regarded
as octahedral clusters with a vacant coordination site; this
is in accord with the fact that these molecules show flux-
ional behavior consistent with formal rotation of the alkyne
moiety with respect to the metal triangle.’* Figure 2 shows
the 'H NMR spectra of the C;H; protons of 7 at various
temperatures. The Ni atoms (and hence their attached
Cp’s) are chemically and magnetically different at low

(10) Busetto, L.; Green, M.; Howard, J. A. K.; Hessner, B.; Jeffery, J.
C.; Mills, R. M.; Stone, F. G. A.; Woodward, P. J. Chem. Soc., Chem.
Commun. 1981, 1101.

(11) (a) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1. (b)
Williams, R. E. Ibid. 1976, 18, 67. (c¢) Rudolph, R. W. Acc. Chem. Res.
1976, 9, 446. (d) Mingos, D. M. P. J. Chem. Soc., Dalton Trans. 1974,
133.

(12) Wade, K. In ref 5, p 193.

(13) Callahan, K. P.; Hawthorne, M. F. Adv. Organomet. Chem. 1976,
14, 145.

(14) Tachikawa, M.; Sievert, A. C.; Muetterties, E. L.; Thompson, M.
R.; Day, C. S.; Day, V. W. J. Am. Chem. Soc. 1980, 102, 1725.
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Fe(CO); 10°C.

CGHg C=-f--- --C—cojiPr
18°C
(Cp) Ni —— Ni{CP)
7
2°C
357%

20Hz.

Figure 2. Variable-temperature 80-MHz 'H NMR spectra of the
CsHj; protons of 7.

temperature but are equilibrated via a process for which
AG* = 15.1 = 0.5 kcal/mol. Substitution of one of the
Fe(CO); carbonyl units by triphenylphosphine raises this
barrier to 17.5 £ 0.5 keal/mol. The molecules 5 and 6 also
show fluxionality, and this can be probed by the diaste-
reotopic methyl group of the isopropyl ester function.!
We note that at the high-temperature limit the spectrum
shows two doublets, thus demonstrating that the intrinsic
chirality of the molecule is never lost, hence ruling out an
intermolecular exchange as a mechanistic possibility.

Complete crystallographic data together with extended
Hiickel molecular orbital calculations of the rotational
barriers in these clusters will be presented elsewhere.

In conclusion, it has been shown that nido electron-de-
ficient organotransition-metal clusters allow a synthetic
cascade procedure since addition of moieties contributing
two skeletal electrons yields nido clusters of higher nu-
clearity as shown in Scheme IIL.Y7 The vacancy in the
coordination polyhedron also allows reversible transfor-
mation between isomeric structures detectable by NMR
spectroscopy.'®
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(15) For related phenomena see: (a) Evans, J. Adv. Organomet. Chem.
1977, 16, 319. (b) Evans, J.; Johnson, B. F. G.; Lewis, J.; Matheson, T.
W. J. Organomet. Chem. 1975, 97, C16. (c) Deeming, A. J.; Kimber, R.
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Schilling, B. E. R.; Hoffmann, R. Acta Chem. Scand., Ser. B 1979, B33,
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(16) At low temperature the spectrum appears as four doublets but
coalesces to two doublets at ~80 °C when interconversion of diastereo-
mers (but not of enantiomers) is rapid on the NMR time scale. The ratios
of diastereomers are 88:12 for 5 and 82:18 for 6 at room temperature.

(17) Of course, closo clusters are also known: an example of a closo-
pentagonal-bipyramidal organotransition-metal cluster is (Ph,C,)[Rug-
(CO)s]: Gambino, O.; Sappa, E.; Manotti-Lonfredi, A. M.; Tiripicchio,
A. Inorg. Chim. Acta 1979, 36, 190.

(18) Interestingly, a closo hexanuclear chiral cluster has been observed
to racemize on the chemical (slow) time scale rather than on the relatively
fast NMR time scale: Fox, J. R.; Gladfelter, W. L.; Geoffroy, G. L.;
Tavanaiepour, I; Abdel-Mequid, S.; Day, V. W. Inorg. Chem. 1981, 20,
3230.
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Summary: The tetrahedral clusters FeCo,MSAsMe,Cp-
(CO)s (M = Mo, W) which are obtained from FeCo,S(CO)y
and Cp(CO);MAsMe, reversibly add 2 mol of CO to form
the clusters FeCo,MSAsMe,Cp(CO),, with a MCo,(u-
AsFe) core.

Despite the fact that organotransition-metal clusters are
frequently cited as models for topical physical as well as
chemical phenomena,! their practical utility is as yet un-
proved,}? and the chemistry of basic cluster reactions is
neither well understood nor well developed. One such
basic cluster reaction which is not accessible to mononu-
clear complexes is the formation of active coordination sites
by breaking of metal-metal bonds. The significance of this
reaction which does not require ligand dissociation and
need not lead to complete rupture of the polymetallic unit
has been demonstrated for dinuclear?® as well as trinuclear*
complexes. We now report such a reaction which reversibly
provides two coordination sites by opening up of tetra-
nuclear clusters.

We had previously found® that warming of cobalt-con-
taining clusters such as 1% and organometal dimethyl-
arsenides such as 27 under nitrogen leads to metal ex-
change, forming mixed-metal clusters such as 4 via the
intermediates 3 (Scheme I). We have now observed that
heating under vacuum leads to aggregation rather than
fragmentation, yielding the tetrahedral clusters 5 (Scheme
II). Thus, cyclohexane solutions of 3a or 3b, evacuated
and heated to 80 °C for 15 h, are converted to 5a® (77%)
and 5b® (61%), isolated by column chromatography (silica

(1) The P. Chini memorial volume 213/1 of JJ. Organomet. Chem. gives
ample evidence of this fact.

(2) Bradley, J. S. J. Am. Chem. Soc. 1979, 101, 7419.

(3) Langenbach, H. J.; Vahrenkamp, H. Chem. Ber. 1979, 112, 3390,
3773. Langenbach, H. J.; Keller, E.; Vahrenkamp, H. J. Organomet.
Chem. 1979, 171, 259.

(4) Huttner, G.; Schneider, J.; Miiller, H. D.; Mohr, G.; v. Seyerl, J.;
Wohlfahrt, L Angew. Chem. 979, 91, 82; Angew. Chem., Int. Ed. Engl.
1979, 18, 76. Carty, A. J.; MacLaughlin, 8. A.; Taylor, N. J. J. Organomet.
Chem. 1981, 204, C27.

(5) Richter, F.; Vahrenkamp, H. Angew. Chem. 1978, 90, 916; Angew.
Chem., Int. Ed. Engl. 1978, 17, 684.

(6) Khattab, S. A.; Marko, L.; Bor, G.; Marko, J. J. Organmet. Chem.
1964, 1, 373.

(7) Malisch, W.; Kuhn, M. Angew. Chem. 1974, 86, 51; Angew. Chem.,
Int. Ed. Engl. 1974, 13, 84.

(8) FeCo,MoSAsMe,Cp(CO); (5a): mp 155 °C; IR (cyclohexane) 2050
(m), 2015 (s), 2010 (vs), 1992 (vs), 1958 (m), 1864 (w), 1839 (w), 1782 (w)
cm™!; 'H NMR (benzene) 1.48 (3 H), 1.64 (3 H), 4.70 (5 H) ppm. Anal.
Caled for [CysH;;AsCo,FeMoOgS): C, 25.89; H, 1.59; S, 4.61. Found: C,
26.17; H, 1.47; S, 4.38.

(9) FeCo,WSAsMe,Cp(CO);s (5b): mp 168 °C; IR (cyclohexane) 2048
(m), 2011 (s), 2009 (vs), 1987 (vs), 1953 (m), 1860 (w), 1825 (w), 1775 (w)
cm™; 'H NMR (benzene) 1.47 (3 H), 1.65 (3 H), 4.73 (5 H) ppm. Anal.
Calcd for [C1sH;;AsCo,FeOgSW]: C, 22.99; H, 1.41; 8, 4.09. Found: C,
23.11; H, 1.25; S, 3.91.
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Figure 1. Molecular structure of FeCo,MoSAsMe,Cp(CO); (5a).

Table I. Important Bond Lengths (pm) and
Angles (Deg) in 5a and 6a

5a 6a

Mo-Col  257.1(2) Mo-Col 277.7 (1)
Mo-Co2  280.5(2) Mo-Co2 274.9 (2)
Mo-Fe 282.1 (3) Col-Co?2 247.4 (2)
Col-Co2  249.9(3) Co2-Fe 274.4 (2)
Col-Fe 260.8(3) (o1 As 0314 (1
Co2-Fe 255.8(3)  po-ne 236.0 gzg
Col-As 225.7(3)

0-S 236.0 (2)
Fe-As 2285(3)  (Co1-8 217.1(2)
Mo-8 233.6 (4) Co2-S 217.7 (2)
Co2-8 219.5(4)  co1-Mo-Co2 53.19(4)
Fe-8 217.5(5)  Mo-Col-Co2 62.83 (4)
Col-As-Fe 70.10(9) Mo-Co2-Col 63.98 (5)
Mo-S-Co2 76.4 (1)  Co2-Col-As 79.54 (5)
Mo-S-Fe  77.3(1)  Col-Co2-Fe 95.06 (5)
Co2-8-Fe 71.7(1) Co2-Fe-As  73.38 (5)

Col-As-Fe  111.08(6)

gel) as black crystals. This reaction seems to be a general

method for converting trimetal to tetrametal clusters.
The reaction chemistry of the FeCo,Mo and FeCo, W

clusters 5 should be rich and varied due to their polar
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clusters 5 should be rich and varied due to their polar
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Figure 2. Molecular structure of FeCo;MoSAsMe,Cp(CO),, (6a).

metal-metal bonds and their additional stabilization by
the ligand bridges. One of the simplest such reactions, that
with CO, is also depicted in Scheme II. In benzene solution
at room temperature under 1 atm of CO, 5a and 5b add
2 mol of CO within 1 h. The unfolded clusters 6a'® (78%)
and 6b!! (82%) are obtained as black crystals by recrys-
tallization from hexane. The reconversion of 6a and 6b
to 5a and 5b is equally simple: in benzene solution, in an
evacuated flask, after 15 h at 80 °C a small amount (~
10%) of a precipitate is formed, and from the solution the
closed clusters 5 are crystallized in about 70% yield. The
ease of these interconversions contrasts sharply with the
major changes in the metal and the ligand atom arrange-
ments in the two types of clusters. The reversible opening
and closing of the metal tetrahedra model basic steps of
substrate activation by cluster catalysts.

The identities of the molybdenum-containing clusters
5a and 6a were established by crystal structure analyses'?
Figures 1 and 2 and Table I show the molecular geometries
and some bond lengths and angles. Cluster 5a contains
a distorted tetrahedral FeCo,Mo core with internal angles
between 54 and 67°, and the metal framework of 6a is a
MoCo, triangle with an external iron atom. In both
clusters, especially 5a, ligand bridging is extensive. The
metal-metal bond lengths span a considerable range but
are within the limits of their variability.'®* The assignment
of the iron and cobalt atoms in both structures is somewhat
ambiguous because they could not be distinguished crys-
tallographically. But in both cases the positions chosen
for iron are plausible: in the ruthenium analogue® of 5a

(10) FeCo,MoSAsMe,Cp(CQO),, (6a): mp 106 °C; IR (cyclohexane)
2068 (m), 2031 (vs), 2008 (s), 2000 (m), 1984 (w), 1970 (w) cm™!; 'H NMR
(benzene) 1.40 (3 H), 1.56 (3 H), 4.53 (56 H) ppm. Anal. Caled for
[Cy7H;;1AsCo.FeMo0,,S): C, 27.16; H, 1.47; S, 4.26. Found: C, 27.35; H,
1.47; S, 4.56.

(11) FeCo,WSAsMe,Cp(CO)y, (6b): mp 120 °C; IR (cyclohexane) 2065
(m), 2035 (vs), 2008 (s), 1997 (m), 1983 (w), 1967 (w); 'H NMR (benzene)
1.47 (3 H), 1.63 (3 H), 450 (5 H) ppm. Anal. Caled for
[C{7H,;AsC0,Fe0,,SW]: C, 24.31; H, 1.32; S. 3.82. Found: C, 24.31; H,
1.14; S, 3.46.

(12) Crystals of 5a and 6a were obtained from hexane. The crystal
quality was checked by Weissenberg photographs, all other measurements
were done on a Nonius CAD4 diffractometer. 5a: triclinic, space group
P1,Z =2,a =9085 (3) pm, b = 1464.2 (5) pm, ¢ = 862.0 (4) pm, a = 90.47
(3)°, 8 = 101.45 (3)°, v = 72.70 (3)°. 6a: monoclinic, space group P2,/c,
Z=4,a=1576.1 (7) pm, b = 1136.9 (2) pm, ¢ = 1346.0 (4) pm, 8 = 93.91
(3)°. The structures were solved by Patterson and Fourier methods.
Anisotropic full matrix refinement for all nonhydrogen atoms using unit
weights resulted in R values of 0.069 for 5a and 0.041 for 6a. All details
of the crystallographic work are documented in the supplementary ma-
terial: Table A contains all crystallographic data; Tables B and C list all
atomic parameters for 5a and 6a; Tables D and E list all bond lengths
and angles for 5a and 6a; Tables F and G give the F,/F, listings.

(13) Bruce, M. L J. Organomet. Chem. 1980, 196, 295 and previous
papers in that series.
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the Ru atom is in the place assigned to the Fe atom here;
an external Co—As unit in 6a is unlikely due to the extreme
instability of the known organometallic Lewis base
(CO),Co-AsMe, in the free state.!>16

By prolonged warming to 50 °C under 1 atm of CO or
under 10 atm of CO at room temperature, in benzene
solution, the clusters 6 are fragmented to the known
FeCoMo and FeCoW clusters 4, respectively, in 80-90%
yield. Thus a full sequence of cluster transformations 1
— 3 — 5 — 6 — 4 is established, which strongly indicates
that the originally reported direct conversion of 3 to 4 also
proceeds in this way. Whereas the 3 — 4 conversion in-
volves no net change in CO content, the removal of CO on
going from 3 to 5 and the addition of CO on going from
5 to 6 to 4 allow us to undergtand the reaction conditions
necessary for these transformations.

The reversible interconversions between 5 and 6, al-
though being of simple stoichiometry and high yield, must
be mechanistically complex. In each of these clusters the
sulfur atom bridges a different metal triangle.l” Thus
more than two bonds have to be broken before 2 mol of
CO are added to 5 or removed from 6. This raises the
possibility of further intermediates in the cluster reorg-
anization processes which we are currently trying to find.
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Figure 2. Molecular structure of FeCo;MoSAsMe,Cp(CO),, (6a).

metal-metal bonds and their additional stabilization by
the ligand bridges. One of the simplest such reactions, that
with CO, is also depicted in Scheme II. In benzene solution
at room temperature under 1 atm of CO, 5a and 5b add
2 mol of CO within 1 h. The unfolded clusters 6a'® (78%)
and 6b!! (82%) are obtained as black crystals by recrys-
tallization from hexane. The reconversion of 6a and 6b
to 5a and 5b is equally simple: in benzene solution, in an
evacuated flask, after 15 h at 80 °C a small amount (~
10%) of a precipitate is formed, and from the solution the
closed clusters 5 are crystallized in about 70% yield. The
ease of these interconversions contrasts sharply with the
major changes in the metal and the ligand atom arrange-
ments in the two types of clusters. The reversible opening
and closing of the metal tetrahedra model basic steps of
substrate activation by cluster catalysts.

The identities of the molybdenum-containing clusters
5a and 6a were established by crystal structure analyses'?
Figures 1 and 2 and Table I show the molecular geometries
and some bond lengths and angles. Cluster 5a contains
a distorted tetrahedral FeCo,Mo core with internal angles
between 54 and 67°, and the metal framework of 6a is a
MoCo, triangle with an external iron atom. In both
clusters, especially 5a, ligand bridging is extensive. The
metal-metal bond lengths span a considerable range but
are within the limits of their variability.'®* The assignment
of the iron and cobalt atoms in both structures is somewhat
ambiguous because they could not be distinguished crys-
tallographically. But in both cases the positions chosen
for iron are plausible: in the ruthenium analogue® of 5a

(10) FeCo,MoSAsMe,Cp(CQO),, (6a): mp 106 °C; IR (cyclohexane)
2068 (m), 2031 (vs), 2008 (s), 2000 (m), 1984 (w), 1970 (w) cm™!; 'H NMR
(benzene) 1.40 (3 H), 1.56 (3 H), 4.53 (56 H) ppm. Anal. Caled for
[Cy7H;;1AsCo.FeMo0,,S): C, 27.16; H, 1.47; S, 4.26. Found: C, 27.35; H,
1.47; S, 4.56.

(11) FeCo,WSAsMe,Cp(CO)y, (6b): mp 120 °C; IR (cyclohexane) 2065
(m), 2035 (vs), 2008 (s), 1997 (m), 1983 (w), 1967 (w); 'H NMR (benzene)
1.47 (3 H), 1.63 (3 H), 450 (5 H) ppm. Anal. Caled for
[C{7H,;AsC0,Fe0,,SW]: C, 24.31; H, 1.32; S. 3.82. Found: C, 24.31; H,
1.14; S, 3.46.

(12) Crystals of 5a and 6a were obtained from hexane. The crystal
quality was checked by Weissenberg photographs, all other measurements
were done on a Nonius CAD4 diffractometer. 5a: triclinic, space group
P1,Z =2,a =9085 (3) pm, b = 1464.2 (5) pm, ¢ = 862.0 (4) pm, a = 90.47
(3)°, 8 = 101.45 (3)°, v = 72.70 (3)°. 6a: monoclinic, space group P2,/c,
Z=4,a=1576.1 (7) pm, b = 1136.9 (2) pm, ¢ = 1346.0 (4) pm, 8 = 93.91
(3)°. The structures were solved by Patterson and Fourier methods.
Anisotropic full matrix refinement for all nonhydrogen atoms using unit
weights resulted in R values of 0.069 for 5a and 0.041 for 6a. All details
of the crystallographic work are documented in the supplementary ma-
terial: Table A contains all crystallographic data; Tables B and C list all
atomic parameters for 5a and 6a; Tables D and E list all bond lengths
and angles for 5a and 6a; Tables F and G give the F,/F, listings.

(13) Bruce, M. L J. Organomet. Chem. 1980, 196, 295 and previous
papers in that series.

0276-7333/82/2301-0757$01.25/0

the Ru atom is in the place assigned to the Fe atom here;
an external Co—As unit in 6a is unlikely due to the extreme
instability of the known organometallic Lewis base
(CO),Co-AsMe, in the free state.!>16

By prolonged warming to 50 °C under 1 atm of CO or
under 10 atm of CO at room temperature, in benzene
solution, the clusters 6 are fragmented to the known
FeCoMo and FeCoW clusters 4, respectively, in 80-90%
yield. Thus a full sequence of cluster transformations 1
— 3 — 5 — 6 — 4 is established, which strongly indicates
that the originally reported direct conversion of 3 to 4 also
proceeds in this way. Whereas the 3 — 4 conversion in-
volves no net change in CO content, the removal of CO on
going from 3 to 5 and the addition of CO on going from
5 to 6 to 4 allow us to undergtand the reaction conditions
necessary for these transformations.

The reversible interconversions between 5 and 6, al-
though being of simple stoichiometry and high yield, must
be mechanistically complex. In each of these clusters the
sulfur atom bridges a different metal triangle.l” Thus
more than two bonds have to be broken before 2 mol of
CO are added to 5 or removed from 6. This raises the
possibility of further intermediates in the cluster reorg-
anization processes which we are currently trying to find.
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Table I. '*C NMR Chemical Shifts for 6 and 9 (ppm, CD,CN)
complex R, Rio Ryg C, C, C, C

6a H H H 68.4 104.7 99.9 104.7 68.4 23.9

6b {H CH, H 75.3 102.4 99.1 102.4 75.3 27.8
H H CH, 71.8 103.3 99.1 103.3 71.8 27.8

6¢ CH, H H 95.4 102.6 a 100.5 65.1 23.9

6d H CH, CH, 79.5 101.7 99.5 101.7 79.5 a

9 CH, H 102.8 109.6 a 96.0 78.1 a

¢ Inadequate number of scans recorded to obtain shift of quaternary centers.

deliver only silyl-symmetric 7° cations irrespective of the
position and level of additional alkyl substitution. The di-
rective properties of the silicon atom also carry over to
nucleophilic additions to these cationic complexes.
Isomerically pure products are obtained, bonding occur-
ring at the original site of hydride extraction.

As a direct consequence of pioneering work by Birch®

and more recently by Pearson,* substituted tricarbonyl-
cyclohexa-1,3-dienylium cations (e.g., 2 and 3)° have been

(oCigFe, T2 . (0C)Fe R2 o (0C)5Fe R .
! PhaC* f 1
By e T
Ry R R

4 4
L 2 3
5a
Ry= Rg=H, Rpy= CHy 60 “o_
Ry=H . Ry=Ry= CHz 0 1007
Ry, Ry= [CHyy , Ry=H 100 0 -
Ry= Rg=H, Ry=0CH 94 6
=H, R= = 100°°
Ry=H, Ry=0CHz, Ry= CHs 0 )
Ry=Rg=H, Ry= COOCHz 20 80>"

developed into reagents holding exceptional promise for
organic synthesis. However, the tactical role these sub-
stances might play would be heightened if problems as-
sociated with the regiochemistry of hydride abstraction
from precursors 1 and subsequent nucleophilic capture
were better understood. Both processes are recognized to
be governed by the nature of the pendant R group as
exemplified by the representative data cited below the
formulas. However, a detailed understanding of these
effects is still lacking, chiefly (in our view) because there
has been minimal variation in the types of substituents
examined. In an effort to probe these electronic influences
to an added extent, we have scrutinized the directive role
of the trimethylsilyl group in these reactions and are

(3) Birch, A. J.; Ratnayake Bandara, B. M.; Chamberlin, K.; Chauncy,
B.; Dahler, P.; Day, A. L; Jenkins, I. D.; Kelly, L. F.; Khor, T.-C.;
Kretschmer, G.; Liepa, A. J.; Narula, A. S.; Ravety, W. D.; Rizzardo, E.;
Sell, C.; Stephenson, G. R.; Thompson, D. J.; Williamson, D. H. Tetra-
hedron, Suppl. 1981, No. 9, 289 and references contained therein.

(4) (a) Pearson, A. J. Acc. Chem. Res. 1980, 13, 463. (b) Pearson, A.
J. Transition Met. Chem. (N.Y.) 1981, 6, 67 and references cited therein.

(5) Only data for 2-substituted derivatives are considered here. Com-
parable information concerning isomeric 1-substituted complexes may be
found in the following references: (a) Birch, A. J.; Chamberlin, K. B.;
Haas, M. A,; Thompson, D. J. J. Chem. Soc., Perkin Trans. 1 1973, 1882.
(b) Pearson, A. J. Ibid. 1977, 2069. (c) Birch, A. J.; Williamson, D. H.
Ibid. 1973, 1892.

(6) Birch, A. J.; Cross, P. E.; Lewis, J.; White, D. A.; Wild, S. B. J.
Chem. Soc. A 1968, 332.

pleased to describe herein the unparalleled regiospecificity
exerted by silicon on the two title reactions.

The 2-(trimethylsilyl)-1,3-cyclohexadienes 4 and 7 were
prepared from 2-cycloalkenone benzenesulfonylhydrazones
via the modified Shapiro procedure previously introduced.’
In those cases where direct synthesis of the arene-
sulfonylhydrazone was frustrated because of concomitant
1,4 addition (e.g., 4a and 4b), recourse was made to the

SiMeg (0C)gFe, SMes

Feo(COlg
—

(0C)4Fe, SMe3
1. PhaC BF,

+ -

S e I g Py
2.NHzPFg Ry 7
o7

5 Re 5 Rg
2 g

 Ry= Rg= Rg=* g, Ry= CHz . Rg= Rg=H

, Rg=Rg=H, Rg=CHz d, Rg=H , Rg= Rg= CH

[
o 0 B

SiMez (OC)-Fe SiMey OC)B SiMez

3
(@ Fep(COlg_ (@ | Ph3C BF, ’ PFG

2.NHzPF

protocol of Dondoni® as modified by Lightner® which be-
gins with the 2-bromo ketone. 4- and 5-alkyl, as well as
4,5- and 5,5-dialkyl, derivatives were thereby made
available!® and converted to their tricarbonyliron com-
plexes in 54-87% yield by heating with diiron ennea-
carbonyl in light petroleum ether. As concerns 4d, geminal
dimethyl substitution at C; blocks potential isomerization
of the 2-trimethylsilyl group to the 1-position during the
complexation process. With 4a—e, such isomerizations are
possible but do not occur.!!’ Monomethyl derivative 4b

(7) Taylor, R. T.; Degenhardt, C. R.; Melega, W. P.; Paquette, L. A.
Tetrahedron Lett. 1977, 159,

(8) Dondoni, A.; Rossini, G.; Mossa, G.; Caglioti, L. J. Chem. Soc. B
1968, 1404.

(9) Lightner, D. A.; Bouman, T. D.; Gawronski, J. K.; Gawronski, K.;
Chappuis, J. L.; Crist, B. V.; Hansen, A. E. J. Am. Chem. Soc. 1981, 103,
5314.

(10) Satisfactory elemental and/or accurate mass spectral analyses
were obtained on all new compounds described herein.

(11) The 'H NMR spectra data (3, CDCly) for these complexes are as
follows. 5a: 4.89 (d, J = 7.5 Hz, 1 H), 3.31-3.11 (m, 1 H), 3.04 (brs, 1
H), 1.83-1.18 (m, 4 H), 0.06 (s, 9 H). 5b (exo/endo mixture): 4.90 (t, J
= 6 Hz, 1 H), 3.23-2.80 (m, 2 H), 2.20~1.15 (m, 3 H), 0.78 (t, J = 6 Hz,
3 H), 0.07 (s, 9 H). 5c: 4.78 (s, 1 H), 3.01-2.88 (m, 1 H), 1.99-1.77 (m,
1 H), 1.72-1.58 (m, 1 H), 1.43 (s, 3 H), 1.27-1.22 (m, 2 H), 0.06 (s, 9 H).
5d: 4.90 (d, J = 7 Hz, 1 H) 2.94 (overlapping m and d, J = 7 Hz, 2 H),
1. 1( d, J = 8 and 4.5 Hz, 2 H), 1.91 (s, 3 H), 1.75 (s, 3H) 0.08 (s, 9 H).
8: 4.77 (br s, 1 H), 2.92-2.72 (m, 1 H), 2.30-0.60 (series of m, 11 H), 0.11
(s, 9 H).
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Table II. Compilation of Substituent Constants*+*

substit-

uent Om Gp op* oR° OR* GR"
OMe -0.12 -0.27 ~-0.78 -0.45 -1.02 -0.45
Me -0.07 -0.17 -0.31 -0.11 -0.25 -0.11

SiMe, -0.04 -0.07 0.02 0.06 0.06 0.14

gave a 2:8 mixture of endo/exo complexes, bonding to
Fe(CO); occurring preferentially from the less hindered
face as anticipated. With dienylsilane 7, greater stereo-
selectivity was encountered and the single product 8 was
obtained.

Treatment of the five complexes with 1.2 equiv of tri-
phenylcarbenium tetrafluoroborate (refluxing CH,Cl,,
18-24 h), followed by treatment of the unpurified tetra-
fluoroborate salts with aqueous ammonium hexafluoro-
phosphate,® afforded the tricarbonyl (1-5-5-3-(tri-
methylsilyl)-2,4-cyclohexadienylium)iron hexafluoro-
phosphates 6 and 9. Hydride abstraction proved invariably
to be completely regiospecific *H NMR analysis), with
attack at Cg occurring to deliver only silyl-symmetric »®
cations in 45-80% isolated yield, irrespective of the pos-
ition and level of additional alkyl substitution. This be-
havior contrasts with the moderate regioselectivity fre-
quently exhibited by alkyl, methoxy, and carbomethoxy
analogues.>* The structural assignments to 6 and 9 were
easily deduced from 'H and *C NMR data (Table I).13

On the basis of stereodrawing 10, it can be seen that H
and H; in complex 8 are sterically inaccessible to the bulky
triphenylcarbenium cation, thus mandating kinetically
controlled Hg abstraction. However, two avenues of Ph,C*

o o,
0o¢ \I/'Fe =C0 Oc \/i:e’CO
H- Hg CHaHg
R-{ A= SiMes =|= SiMeg
\ / X /
SN Hy &
.%He Ho 8 e
- o
PhyC PhC
10 U 12

attack are possible from the anti surface in 5a and 5¢ (see
11, R = H or CHj;), and molecular models suggest that no
steric or stereoelectronic barriers exist at either site, es-
pecially when R = H. Nonetheless, only the bond to Hg
is cleaved (compare the behavior of 1). In 12, a presumably
more stable cation would result if Hg were abstracted, but
it is not. Clearly, the Me;Si substituent exerts a major
degree of regioelectronic control in these processes.
The directive properties of the silicon atom also carry
over to the nucleophilic addition reactions of these cationic
complexes. Thus, exposure to tetrahydrofuran solutions
of diethyl sodiomalonate leads in excellent yield to isom-
erically pure products (13a and 14a) which can be de-
graded to the corresponding 1,3-cyclohexadienes by reac-

(12) The decomposition points and 'H NMR data (6, CD;CN) for
these cationic complexes follow. 6a: mp 194-195 °C; 5.45 (d, J = 7 Hz,
2H), 417 (,J=7Hz 2H),284 (t,J =7 Hz, 1 H), 2.67 (t,J = 7 Hz,
H), 0.37 (s, 9 H). 6b (19:81 isomer mixture): mp 190-191 °C; 5.39 (d,
= 7.5 Hz, 3 H), 1.78 (overlapping q, J = 7 Hz, 1 H), 1.33 and 0.44 (d,
=7Hzandd, J =7 Hz, 3 H), 0.33 (8, 9 H). 6¢c: mp 185-187 °C; 5.48
(d,J =7Hz,1H),518(s,1 H),4156 (t,J = 7THz,1H), 295 (brd, J =
7 Hz, 1 H), 2.68 (br d, J = 7 Hz, 1 H), 1.61 (s, 3 H), 0.34 (s, 9 H). 6d: mp
208-210 °C; 532 (d,J = 7Hz,2 H), 415 (d,J = 7THz,2 H), 1.32 (s, 3
H), 0.52 (s, 3 H), 0.35 (s, 9 H). 9: mp 174-176 °C; 547 (d,J = 8 Hz, 1
H), 5.12 (s, 1 H), 4.55 (d, J = 7 Hz, 1 H), 2.19-1.87 (m, 3 H), 1.67-1.38
(m, 6 H), 0.38 (s, 9 H).

(13) Complex 6d has been earlier prepared by M. Lotze, Diplom-Ar-
beit, Marburg (Lahn), West Germany. We are grateful to Professor R.
W. Hoffmann for apprising us of this work,

1
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tion with trimethylamine N-oxide dihydrate in refluxing
benzene.!* With 6d and ethyl (phenylsulfonyl)sodio-
acetate,!® an inseparable mixture of diastereomers 13b (R,
= R, = CHj) was formed (70% yield). Comparable re-
giospecificity was observed with trimethyl[(4,5-dihydro-
2-furanyl)oxy]silane'® in acetonitrile solution at room
temperature. In the specific case of 6d, it proved possible
to separate diastereomers 15 and 16 by column chroma-
tography and to subject them independently to decom-
plexation.

Bonding within 5 and 8 is best represented by assigning
pseudooctahedral symmetry to the d® C,, tricarbonyliron
fragment!” with overlap involving electron donation from
the diene HOMO and synergistic back donation from a
filled metal orbital combination.!® The ability of silicon
to interact via its vacant 3d orbitals with neighboring =
(e.g., vinylsilanes and silylarenes) and pseudo = systems
(e.g., silylcyclopropanes) has been demonstrated through
physical and chemical means.!® Chemical studies? and
ab initio SCF molecular orbital calculations® have shown
that silicon stabilizes 8 carbocations and destabilizes «
carbocations relative to carbon analogues. This effect has
been attributed to both neighboring group participation
(the 3 effect)® and o-r conjugation (hyperconjugation),22
while the ability of silicon to stabilize a-carbanions has
been attributed to (p—d)= back-bonding between silicon
and carbon.?® A more quantitative grasp of the ability of
silicon to interact with = systems may be obtained from
a selection of substituent constants (Table II).2425 The
manner and degree to which these properties of silicon
affect irreversible, kinetically controlled hydride abstrac-
tion in 5 and 8 have been extensively analyzed by com-

(14) Shvo, Y.; Hazum, E. J. Chem. Soc., Chem. Commun. 1975, 829.

(15) Huppatz, J. L. Aust. J. Chem. 1971, 24, 653.

(16) (a) Rasmussen, J. K.; Hassner, A. J. Org. Chem. 1974, 39, 2558.
(b) Ainsworth, C.; Chen, F.; Kuo, Y.-N. J. Organomet. Chem. 1972, 46,
59.

(17) Pearson, A. J.; Raithby, P. R. J. Chem. Soc., Dalton Trans. 1981,
884 and references contained therein.

(18) (a) Connor, J. A,; Derrick, L. M. R.; Hiller, I. H.; Guest, M. F.;
Higginson, B. L.; Lloyd, D. R. Mol. Phys. 1974, 28, 1193. (b) Elian, M ;
Hoffmann, R. Inorg. Chem. 1975, 14, 1058. (c) Mingos, D. M. P. J. Chem.
Soc., Dalton Trans. 19717, 20, 26, 31.

(19) Kwart, H.; King, K. G. “d-Orbitals in the Chemistry of Silicon,
Phosphorus, and Sulfur”; Springer-Verlag: Berlin, 1977.

(20) Review: Jarvie, A. W. P. Organomet. Chem. Rev. A 1970, 6, 153.

(21) Eaborn, C.; Feichtmayr, F.; Horn, M.; Murrell, J. N. J. Organo-
met. Chem. 1974, 77, 39.

(22) Traylor, T. G.; Hanstein, W.; Berwin, H. J.; Clinton, N. A.; Brown,
R. S. J. Am. Chem. Soc. 1971, 93, 5715.

(28) Review: Colvin, E. W, Chem. Soc. Rev. 1978, 7, 15.

(24) Charton, M. CHEMTECH 1975, 5, 245.

(25) Hine, J. “Structural Effects on Equilibria in Organic Chemistry™;
Wiley Interscience: New York, 1975; pp 55-102.
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putational methods?® which will be described in a full
paper.

Examination of the *C NMR shieldings for 6 and 9
(Table I) reveals the customary trend?” in which the
nonterminal C, and C, positions carry the greatest positive
charge. Accordingly, nucleophilic addition to these cationic
complexes cannot operate under charge control since no
correlation exists between 7- or g-electron density and
regioselectivity.? Rather, nucleophilic capture gives in-
dication of being controlled by frontier MO interactions
which direct attack to a specific terminal carbon because
of silicon’s electronic contributions. This point will also
be detailed in our full paper.?®

Registry No. 4a, 63031-70-9; 4b, 81064-06-4; 4c, 81044-35-1; 4d,
81044-36-2; 5a, 81064-40-6; 5b isomer 1, 81064-41-7; 5b isomer 2,
81130-67-8; 5¢, 81064-42-8; 5d, 81064-43-9; 6a, 81064-26-8; 6b isomer
1, 81064-37-1; 6b isomer 2, 81132-00-5; 6¢, 81064-39-3; 6d, 81064-35-9;
7, 81044-37-3; 8, 81064-33-7; 9, 81064-31-5; 13a, 81064-32-6; 13b,
81095-47-8; 14a, 81064-28-0; 15, 81064-29-1; 16, 81130-66-7.

(26) Studies carried out in collaboration with R. Gleiter and M. C.
Bohm (Universitat Heidelberg).

(27) Birch, A. J.; Westerman, P. W.; Pearson, A. J. Aust. J. Chem.
1976, 29, 1671.

(28) Consult also: Clack, D. W.; Monshi, M.; Kane-Maguire, L. A. P.
J. Organomet. Chem. 1976, 107, C40.

(29) The National Science Foundation has provided the financial
support for this work for which we are grateful.
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Summary: The first spectrally characterized examples of
nonheteratom-stabilized carbene complexes of the type
Cp(CO),LM=CHR* (L. = PPh,, PEt;; M = Mo, W; R = H,
Ph) are reported. The parent methylene complexes 2a
(M =W, L =PPhg) and 2b (M = W, L = PEt,;) and the
benzylidene complex 2¢ (M = W, L = PPh,) are syn-
thesized by hydride abstraction from the alkyl complexes
Cp(L)(CO),WCH,R (R = H, Ph) using Ph,C*AsF;".

The chemistry of d® electrophilic carbene complexes of
the general type CpL,L,M=CRR’ is rapidly developing,
and a variety of both heteroatom and nonhetercatom-
stabilized species is now known. Several structures have

(1) This work was presented in part at the 181st National Meeting of
the American Chemical Society, Atlanta, GA, April 1981, “Abstracts of
Papers”, American Chemical Society: Washington, DC, 1981; INORG
170.
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been examined crystallographically,” while both structure
and dynamics have been scrutinized spectroscopically and
theoretically.®® The more electrophilic species exhibit
high reactivity toward nucleophilic reagents.’*® In
contrast, relatively few electrophilic carbene complexes in
the parallel d* series with general structure CpL.;M=CRR’
have been studied. Isolable or spectroscopically charac-
terized examples include only heteroatom-stabilized com-
plexes: for example, Cp(CO)2(Ph3M)M’ =Cr(OR) (M =
Sn, Ge; M’ = Mo, W; R = CHj,, C¢H;),? Cp(CO)4(PPhy)-

Mo—C(CH3)(OCH3)+ 10 Cp(CO),LMo=CFR* (L = CO,

PPh; R F, C,F;),!  Cp(CO)y(PPhy)-

Mo=CCH,CH,CH,0*,'? and Cp(CO),W=C(NEt,)CH-

(CH3)CO.'*  No nonheteratom-stabilized species have
been well characterized.!4

We describe here the facile synthesis and spectral
characterization of the d* cationic methylene complexes
in the series Cp(C0),LM=CH,* (L = PEt;, PPhy; M =
Mo, W) and the benzylidene complex Cp(CO),(PPh,)-

(2) (a) Redhouse, A. D. J. Organomet. Chem. 1975, 99, C29. (b)
Aleksandrov, G. G.; Antonova, A. B.; Kolobova, N. E.; Struchkov, Y. T.
Koord. Khim. 1976, 2, 1684. (c) Shearer, H. M.,; Sowerby, J. D. J. Chem.
Soc., Dalton Trans. 1978, 2629. (d) Kreissl, F. R.; Stuckler, P.; Meineke,
E. W. Chem. Ber. 1977, 110, 3040. (e) Jones, W. M.;: Riley, P. E.; Davis,
R. E,; Allison, N. T. J. Am. Chem. Soc. 1980, 102, 2458. (f) Fischer, E.
Q.; Friedrich, P.; Besl, G. J. Organomet. Chem. 1977, 139, C68.

(3) (a) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99, 6099.
(b) Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. Ibid. 1980, 102,
1203. (c) Brookhart, M.; Tucker, J. R.; Husk, G. R. Ibid. 1981, 103, 979.
d) Béookhart, M.; Tucker, J. R.; Husk, G. R. J. Organomet. Chem. 1980,
193, C23.

{4) (a) Gladysz, J. A.; Wong, W. K,; Tam, W. J. Am. Chem. Soc. 1979,
101, 5440. (b) Gladysz, J. A.; Kiel, W. A,; Lin, G. Y. Ibid. 1980, 102, 3299.

(5) (a) Cutler, A. R. J. Am. Chem. Soc. 1979, 101, 604. (b) Cutler, A.
R.; Bodnar, T.; LaCroce, S. J. Ibid. 1980, 102, 3292. (c) Cutler, A. R.;
Bodnar, T.; Coman, G.; LaCroce, S. J.; Lambert, C.; Menard, K. Ibid.
1981, 103, 2471.

(6) Hoffman, R.; Schilling, B. E. R.; Lichtenberger, D. L. J. Am. Chem.
Soc. 1979, 101, 585. (b) Hoffmann, R.; Faller, J. W.; Schilling, B. E. R.
Ibid. 1979, 101, 592.

(7) Brookhart, M.; Humphrey, M. B.; Kratzer, H. J.; Nelson, G. O. J.
Am. Chem. Soc. 1980, 102, 7802.

(8) Helquist, P.; Kremer, K. A. M.; Kerber, R. C. J. Am. Chem. Soc
1981, 103, 1862.

(9) Dean, W. K,; Graham, W. A. G. Inorg. Chem. 1977, 16, 1061.

(10) Treichel, P. M.; Wagner, K. P. J. Organomet. Chem. 1975, 88, 199.

(11) Reger, D. L.; Dukes, M. D. J. Organomet. Chem. 1978, 153, 67.

(12) Cotton, F. A,; Lukehart, C. M. J. Am. Chem. Soc. 1971, 93, 2672.

(13) Cetinkaya, B.; Cetinkaya, E.; Lappert, M. F. J. Chem. Soc.,
Dalton Trans. 1973, 906.

(14) (a) The methylene species Cp(CO)sMo=CH,* has been postu-
lated as an intermediate in the acid-induced ionization of the a-ether
Cp(C0O)sMo-CH,0CHj; (Green, M. L. H.; Ishaq, M.; Whiteley, R. N. J.
Chem. Soc. A 1967, 1508. (b) Similarly, Me;SiOSO,CF; reacts with
Cp(CO);W-CH,0CHj; at low temperatures to precipitate Cp(CO);W-
CH,0S0,CF; which reacts with a variety of nucleophiles (X) to yield
complexes of the type Cp(CO);W-CH,X (Beck, W. A; Schloter, K,;
Ernst, H. Ninth International Conference on Organometallic Chemistry,
Sept 1979, Dijon, France; Abstract No. C53). No spectroscopic data
related to these methylene complexes have been reported.
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putational methods?® which will be described in a full
paper.

Examination of the *C NMR shieldings for 6 and 9
(Table I) reveals the customary trend?” in which the
nonterminal C, and C, positions carry the greatest positive
charge. Accordingly, nucleophilic addition to these cationic
complexes cannot operate under charge control since no
correlation exists between 7- or g-electron density and
regioselectivity.? Rather, nucleophilic capture gives in-
dication of being controlled by frontier MO interactions
which direct attack to a specific terminal carbon because
of silicon’s electronic contributions. This point will also
be detailed in our full paper.?®

Registry No. 4a, 63031-70-9; 4b, 81064-06-4; 4c, 81044-35-1; 4d,
81044-36-2; 5a, 81064-40-6; 5b isomer 1, 81064-41-7; 5b isomer 2,
81130-67-8; 5¢, 81064-42-8; 5d, 81064-43-9; 6a, 81064-26-8; 6b isomer
1, 81064-37-1; 6b isomer 2, 81132-00-5; 6¢, 81064-39-3; 6d, 81064-35-9;
7, 81044-37-3; 8, 81064-33-7; 9, 81064-31-5; 13a, 81064-32-6; 13b,
81095-47-8; 14a, 81064-28-0; 15, 81064-29-1; 16, 81130-66-7.

(26) Studies carried out in collaboration with R. Gleiter and M. C.
Bohm (Universitat Heidelberg).

(27) Birch, A. J.; Westerman, P. W.; Pearson, A. J. Aust. J. Chem.
1976, 29, 1671.

(28) Consult also: Clack, D. W.; Monshi, M.; Kane-Maguire, L. A. P.
J. Organomet. Chem. 1976, 107, C40.

(29) The National Science Foundation has provided the financial
support for this work for which we are grateful.
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thesized by hydride abstraction from the alkyl complexes
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and a variety of both heteroatom and nonhetercatom-
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been examined crystallographically,” while both structure
and dynamics have been scrutinized spectroscopically and
theoretically.®® The more electrophilic species exhibit
high reactivity toward nucleophilic reagents.’*® In
contrast, relatively few electrophilic carbene complexes in
the parallel d* series with general structure CpL.;M=CRR’
have been studied. Isolable or spectroscopically charac-
terized examples include only heteroatom-stabilized com-
plexes: for example, Cp(CO)2(Ph3M)M’ =Cr(OR) (M =
Sn, Ge; M’ = Mo, W; R = CHj,, C¢H;),? Cp(CO)4(PPhy)-

Mo—C(CH3)(OCH3)+ 10 Cp(CO),LMo=CFR* (L = CO,

PPh; R F, C,F;),!  Cp(CO)y(PPhy)-

Mo=CCH,CH,CH,0*,'? and Cp(CO),W=C(NEt,)CH-

(CH3)CO.'*  No nonheteratom-stabilized species have
been well characterized.!4

We describe here the facile synthesis and spectral
characterization of the d* cationic methylene complexes
in the series Cp(C0),LM=CH,* (L = PEt;, PPhy; M =
Mo, W) and the benzylidene complex Cp(CO),(PPh,)-

(2) (a) Redhouse, A. D. J. Organomet. Chem. 1975, 99, C29. (b)
Aleksandrov, G. G.; Antonova, A. B.; Kolobova, N. E.; Struchkov, Y. T.
Koord. Khim. 1976, 2, 1684. (c) Shearer, H. M.,; Sowerby, J. D. J. Chem.
Soc., Dalton Trans. 1978, 2629. (d) Kreissl, F. R.; Stuckler, P.; Meineke,
E. W. Chem. Ber. 1977, 110, 3040. (e) Jones, W. M.;: Riley, P. E.; Davis,
R. E,; Allison, N. T. J. Am. Chem. Soc. 1980, 102, 2458. (f) Fischer, E.
Q.; Friedrich, P.; Besl, G. J. Organomet. Chem. 1977, 139, C68.

(3) (a) Brookhart, M.; Nelson, G. O. J. Am. Chem. Soc. 1977, 99, 6099.
(b) Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. Ibid. 1980, 102,
1203. (c) Brookhart, M.; Tucker, J. R.; Husk, G. R. Ibid. 1981, 103, 979.
d) Béookhart, M.; Tucker, J. R.; Husk, G. R. J. Organomet. Chem. 1980,
193, C23.

{4) (a) Gladysz, J. A.; Wong, W. K,; Tam, W. J. Am. Chem. Soc. 1979,
101, 5440. (b) Gladysz, J. A.; Kiel, W. A,; Lin, G. Y. Ibid. 1980, 102, 3299.

(5) (a) Cutler, A. R. J. Am. Chem. Soc. 1979, 101, 604. (b) Cutler, A.
R.; Bodnar, T.; LaCroce, S. J. Ibid. 1980, 102, 3292. (c) Cutler, A. R.;
Bodnar, T.; Coman, G.; LaCroce, S. J.; Lambert, C.; Menard, K. Ibid.
1981, 103, 2471.

(6) Hoffman, R.; Schilling, B. E. R.; Lichtenberger, D. L. J. Am. Chem.
Soc. 1979, 101, 585. (b) Hoffmann, R.; Faller, J. W.; Schilling, B. E. R.
Ibid. 1979, 101, 592.

(7) Brookhart, M.; Humphrey, M. B.; Kratzer, H. J.; Nelson, G. O. J.
Am. Chem. Soc. 1980, 102, 7802.

(8) Helquist, P.; Kremer, K. A. M.; Kerber, R. C. J. Am. Chem. Soc
1981, 103, 1862.

(9) Dean, W. K,; Graham, W. A. G. Inorg. Chem. 1977, 16, 1061.

(10) Treichel, P. M.; Wagner, K. P. J. Organomet. Chem. 1975, 88, 199.

(11) Reger, D. L.; Dukes, M. D. J. Organomet. Chem. 1978, 153, 67.

(12) Cotton, F. A,; Lukehart, C. M. J. Am. Chem. Soc. 1971, 93, 2672.

(13) Cetinkaya, B.; Cetinkaya, E.; Lappert, M. F. J. Chem. Soc.,
Dalton Trans. 1973, 906.

(14) (a) The methylene species Cp(CO)sMo=CH,* has been postu-
lated as an intermediate in the acid-induced ionization of the a-ether
Cp(C0O)sMo-CH,0CHj; (Green, M. L. H.; Ishaq, M.; Whiteley, R. N. J.
Chem. Soc. A 1967, 1508. (b) Similarly, Me;SiOSO,CF; reacts with
Cp(CO);W-CH,0CHj; at low temperatures to precipitate Cp(CO);W-
CH,0S0,CF; which reacts with a variety of nucleophiles (X) to yield
complexes of the type Cp(CO);W-CH,X (Beck, W. A; Schloter, K,;
Ernst, H. Ninth International Conference on Organometallic Chemistry,
Sept 1979, Dijon, France; Abstract No. C53). No spectroscopic data
related to these methylene complexes have been reported.

© 1982 American Chemical Society





Communications Organometallics, Vol. 1, No. 5, 1982 1761
Table I. 'H NMR Data for [Cp(CO),(L)YM=CHR]* Complexes in CD,Cl, ¢
complex T, °C 8(Cp) §(H,, Hy)
[Cp(CO),(PPh,)MoCH,]*0S0,CF, (8)  -90 5.84(d,Jp_y = 1.2 Hz) H,, Hy 15.4 (d, Jp = 12.5 Hz)
[Cp(CO),(PPh,)WCH, " AsF,~ (2a) ~110  5.93(d,Jpyy ca. 1 Hz)  H, 14.2 (br)
Hb 16.0 (d, JP-H =24 HZ)
-50 H,, Hy, 15.1 (d, Jp.g = 16.2 Hz)
[Cp(CO),(PEt,)WCH,]* AsF,” ® (2b) -110  6.04(d,Jp.g ca. 1 Hz)  H, 13.9 (aparentt,J = ca. 7 Hz)¢
Hb 15.5 (dd, JH-H =5 HZ, JP-H = 24 HZ)
-40 H,, Hy 14.8 (d, Jp.y = 16.2 Hz)

[Cp(CO),(PPh,)WCHPh]* AsF,” ¢ (2¢) +20

5.97 (d, Jp_y = 1.6 Hz)

H, 14.1 (d, Jpg = 4.9 Hz)

¢ NMR data for the carbene complexes were obtained at 250.13 MHz. Shifts are referenced to CHDCI, taken as & 5.32.
All aromatic resonances are observed in the § 7-8 range and, with the exception of 5, are overlapped by Ph,CH. ® 'H NMR
(PEt,) 6 1.8 (m, 6 H, PCH,CH,), 1.04 (m, 9 H, PCH,CH,). ¢ The apparent triplet is a result of th. near equivalence of
Jp.g and Jy . Because of viscosity broadening, only approximate values were obtainable. ¢ **W satellites can be

observed for H,, Jyw.g = 6.9 Hz.

Table II. '*°C NMR of [Cp(CO),(L)W=CHR]*AsF,” Complexes in CD,Cl, ¢

complex 8(Cp) 8(carbene) §(CO)
[Cp(CO),(PPh,)WCH,]* AsF ™ (2a) 99.7 (s) 303.6 (br) 207.6 (d, Jp¢c = 21.5 Hz)
[Cp(CO),(PEt,)WCH,]* AsF,” ¢ (2b) 98.5 (s) 296.8 (br) 206.4 (d, Jp¢c = 21.4 Hz)

[Cp(CO),(PPh,)WCHPh]* AsF,” ¢ (2¢)

¢ Proton noise-decoupled spectra were obtained at 62.89 MHz.

99.7 (d, Joyy = 183 Hz)

299.8 (br, d, Jog; = 138 Hz) 214.1 (d, Jp_o = 16.8 Hz)
Shifts referenced to CD,Cl, at 53.8 ppm. All aromatic

resonances were observed in the 6 125-150 range and are overlapped by Ph,C-H. ? '*C NMR (PEt,): & 19.4 (d, Jpg =
30.5 Hz, PCH,CH,), 8.1 (d, Jp_¢ = 5.4 Hz, PCH,CH,). ¢ Coupled spectrum obtained.

W=CHPh*.1> Treatment of the readily prepared tung-
sten alkyl complexes la—c!® with 1 equiv of trityl hexa-

<> <>

I PhaC - I
3¢ "asFg Hy
L//w“\\CHZR C0gClp, ~50 °C'7P L/lw\\\ff/
coO €O co o\
PPh,
PEt, 2a, R=H, L= PPh,
L= PPh, b, R=H, L= PEt,
¢, R=C.H,, L=PPh,

fluoroarsenate in methylene chloride at -50 °C leads to
quantitative generation of the cationic alkylidene species
2a-c.!” The *C and 'H NMR data for these complexes
are summarized in Tables I and II. The characteristic
low-field 'H resonances for the hydrogen(s) attached di-
rectly to the carbene carbon, and '3C resonances of the
carbene carbon atom are clearly indicative of the carbene
structure. These shift values compare closely with those
for analogous electrophilic d® complexes.?*

The molybdenum methylene complex, Cp(CO),-
(PPhy)Mo=CH,", 3, is generated by the reaction of ether
precursors Cp(CO),(PPhy)Mo—CH,0R, 4 (R = CHj,,
CH,Ph, COC(CHj),, 4b16018 with (CH,),Si0S0,CF; at -90

Rb
la,
b!
c

0

H, L
H L
C.H

]

e = el

o

59

(15) An X-ray crystallographic study of a neutral d* benzylidene com-
plex CpyW=CHPh has recently been reported (Caulton, K. G.; Marsella,
J. A,; Folting, K.; Huffman, J. C. J. Am. Chem. Soc. 1981, 103, 5596.).

(16) (a) 'H NMR (CDCl;): Cp(CO),(PPhy)W~CHg, § 0.50 (d, Jp_yy =
2.4 Hz, 3 H, CH,), 4.79 (d, Jp_y = 1.8 Hz, 5 H, Cp), 7-8 (m, 15 H, Ph);
Cp(CO),(PEt;)W-CH,, 6 0.37 (d, Jp_y = 2.6 Hz, 3 H, CHj;), 1.04 (m, 9 H,
PCH,CH,), 1.8 (m, 6 H, PCH,CHj;), 4.95 (d, Jp.y = 1.5 Hz, 5 H, Cp);
Cp(CO)o(PPhy)W-CH,Ph, 6 3.06 (d, Jp_yy = 2.8 Hz, 2 H, CH,Ph), 4.76 (d,
Jp_y = 1.8 Hz, 5 H, Cp), 7-8 (m, 20 H, Ph). (b) The Mo and W carbene
precursors were determined to be the trans isomers by the observation
of a single %C resonance in each case, indicating equivalence of the
carbonyls. (c) la—c were prepared by reaction of Cp(CO),LW~ with
methyl iodide or benzyl chloride.

(17) (a) Complex 2a can also be generated by dropwise addition of
PhyC*AsF, in CD,Cl, to the a-ether Cp(CO)y(PPhy) W-CH,0CH,Ph in
CD,Cl; at —78 °C. (b) The generation of 2¢ was carried out at 0 °C.

(18) 'H NMR (CDCl,): Cp(CO)o(PPhy)Mo—CH,0CHj, 6 8.37 (s, 3 H,
CHjy), 4.75 (d, Jp_y = 3.6 Hz, 2H, CH,), 4.85 (d, Jp.y = 1.6 Hz, 5 H, Cp),
7-8 (m, 156 H, Ph); Cp(CO);(PPhy)Mo—CH,OCH,Ph, § 4.54 (d, Jp_y = 3.7
Hz, 2 H, W-CH,), 4.83 (d, Jp_y = 1.8 Hz, 5 H, Cp), 5.29 (s, 2 H, CH,Ph),
7-8 (m, 20 H, Ph); Cp(CO),(PPhy)Mo—CH,0COC(CHj3)3, 6 1.21 (s, 9 H,
t-Bu), 4.87 (d, Jp.y = 1.8 Hz, 5 H, Cp), 5.55 (d, Jp_ = 3.8 Hz, 2 H, CH,),
7-8 (m, 15 H, Ph).

°C in CD,Cl,. Quantative generation of 3 is difficult and
samples of 3 are normally contaminated with small
amounts of the heteroatom carbene, 5, and the methyl
complex, 6, due to hydride transfer from 4 to 3'° (see
Scheme I). Indeed, when trityl hexafluoroarsenate is
added dropwise to solutions of 4 in CD,Cl, (=90 °C), no
methylene complex can be detected. Instead complexes
5 and 6 are generated in equimolar amounts. A similar
reaction has been observed between Cp(NO)(PPh;)Re—
CH,0CHj, and Cp(NO)(PPhg)Re=CH,".4

Complex 3 decomposes rapidly above -70 °C by dis-
proportionation to Cp(CO)y(PPhs)Mo(C,H,)* and Cp-
(CO),(PPhg)Mo*, the latter presumed to be stabilized by
coordination to a solvent molecule or the triflate coun-
terion.?”® The same mode of decomposition is observed
for the tungsten methylene complexes above —20 °C
(t1/9(-20 °C) ca. 2 h).?° In contrast, the tungsten benzy-
lidene complex 2¢ is stable in CD,Cl, solution at room
temperature in a sealed tube for long periods of time. At
50 °C, decomposition occurs with ¢/, ca. 15 h, but no
decomposition products could be characterized. The
benzylidene complex can be isolated as an air-stable green
hexafluoroarsenate salt in nearly quantitative yield by
precipitation from a CH,Cl, solution with hexane at 0 °C.

The nonequivalence of the methylene hydrogens in the
tungsten complexes 2a,b confirms that the methylene

(19) H NMR (CD,Cl,): Cp(CO)y(PPhy)Mo=CH(OCH,)*0S0,CFy,
6 4.58 (s, 3 H, OCH,), 5.56 (d, Jp_y = 1.2 Hz, 5 H, Cp), 7-8 (m, 15 H, Ph),
12.10 (s, 1 H, carbene proton); Cp(CO),(PPh;)Mo—CHj, 6 0.34 (d, Jp_y4
= 3.2 Hz, 3 H, CHj), 4.70 (d, Jp_z = 1.6 Hz, 5 H, Cp), 7-8 (m, 15 H, Ph).

(20) (a) The identity of the ethylene complexes Cp(CO),(PPhs)Mo-
(C;H,)*AsFg and Cp(CO),(PPhy)W(C,H,)*AsF, was verified by inde-
pendent synthesis from the reaction of Cp(CO),(PPhy) M-CH,CH; with
Ph,C*AsFg~. 'H NMR (CD,Cly) Cp(CO)o(PPhy)Mo(C,H,) *AsFy, § 3.53
(d, JP—H =1.8 HZ, 4 H, C2H4), 5.28 (d, JP—H =15 HZ, 5 H, Cp), 7-8 (m,
15 H, Ph); Cp(CO)o(PPhg)W(C,H)*AsFg, 6 3.28 (d, Jp.y = 24 Hz, 4 H,
C,H,), 5.36 (d, Jp.yy = 2.0 Hz, 5 H, Cp), 7-8 (m, 15 H, Ph); Cp(CO),-
(PEt;)W(C,H)*AsFy¢, § 1-2 (m, 15 H, PEty), 3.02 (d, Jp.y = 2.8 Hz, 4
H, C,H,), 5.36 (d, Jp.y = 1.2 Hz, 5H, Cp). (b) Upon decomposition of
2a and 2b, Cp signals at § 5.79 (2a) and 6 5.86 (2b) appear simultaneously
with the Cp signals for the ethylene complexes Cp(CO),(PPhg)W(C,H,)*
or Cp(CO)y(PEt)W(C,H,)*. Similarly, in the decomposition of Cp-
(CO)y(PPhy)Mo=CH,* a Cp signal at § 5.65 appears together with the
Cp signal for the ethylene complex Cp(CO)y(PPhy)Mo(C,H)*. In analogy
with Beck’s observation of Cp(CO);M* (M = Mo, W) coordinated to
either BF,", PFq", or CH,Cl, (Beck, W. A.; Schloter, K. Z. Naturforsch.
B. Anorg. Chem. Org. Chem. 1978, 33B, 1214), we assume these signals
are due to solvent or counterion coordinated Cp(CO),LM*.
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Figure 1. Variable-temperature 250-MHz 'H NMR of Cp-
(CO),(PEts) W=CH;* in CD,Cl,.

moiety adopts the “upright” conformation with the H,-
C-H, plane aligned with the W-P bond. Using extended
Hiickel calculations for the similar system Cp(CO),-
(PH;)Mo=CH,*, Hoffmann® has predicted such a
ground-state conformation, with a calculated barrier to
rotation around the Mo=C bond of 15 kcal/mol. The
upright conformation is also that observed by X-ray
crystallography for the structurally similar heteroatom
carbenes, Cp(CO),(PhyM)M’==CR(OR’).® The assignment
of H, resonances to the synclinal hydrogen is based on the
close comparison of the chemical shifts and 3'P-'H cou-
pling constants to those in the benzylidene complex 2c.
In 2¢ the aryl ring is assumed to be in the sterically less
crowded anticlinal position. Thus the benzylidene hy-
drogen occupies the synclinal position.

The 'H NMR spectra of both tungsten methylene com-
plexes 2a and 2b are temperature dependent and allow
calculation of the barrier to rotation around the tung-
sten—carbon multiple bond (see Figure 1). As the tem-
perature is raised above ~110 °C, the two resonances for
the nonequivalent methylene hydrogens begin to broaden.
Coalescence for 2a occurs at —85 °C (250 MHz) and for 2b
at -70 °C (250 MHz). Each spectrum sharpens to a
doublet above -40 °C. Line-shape analysis yields free
energies of activation, AG*, for bond rotation of 8.3 = 0.1
kcal/mol for 2a and 9.0 % 0.1 kcal/mol for 2b. The higher
barrier for 2b is consistent with the better donor properties
of EtgP relative to PPh;.

(21) Hoffman, R.; Kubaéek, P.; Havlas, Z. Organometallics 1982, I,
180.

For the molybdenum methylene complex, 3, only a
two-proton doublet (6 15.4 (Jp_g = 12.5 Hz)) can be ob-
served even at temperatures as low as -90 °C. The sim-
ilarity of the chemical shift and Jp_y to those observed for
the high-temperature averaged spectra of 2a (6 15.1 (Jp_y4
= 16.2Hz)) and 2b (6 14.8 Jp_y = 16.2Hz)) suggests that
the molybdenum complex also adopts the upright con-
formation, but that the rotational barrier is quite low.
With the use of the high-temperature approximation
formula to obtain a minimum rate constant for the ex-
change, a conservative upper limit to the rotational barrier
can be set at 6.7 keal/mol.2? The observed values of AG*
for the Mo and W methylene complexes are somewhat
lower than those of the Cp(diphos)Fe=CH,* system
(AG*,o, = 10.4 kcal/mol)* and considerably lower than the
Cp(NO)(PPhy;)Re=CH,* system whose nonequivalent
methylene signals remain sharp to 10 °C (AG*,; 2 ca. 15
kcal/mol) .4

The high electrophilicity of these complexes is sub-
stantiated by their observed reactivity with olefins.
Transfer of the methylene moiety of 2a, 2b and 3 to sty-
rene in CH,Cl, occurs within 10-15 min at -78 °C to
produce phenylcyclopropane in > 50% yields. On the basis
of these results, the readily generated and easily modified
Cp(C0O),LM=CHR* systems appear to have potential as
carbene-transfer reagents. Synthetic modifications of these
complexes as well as reactions with other nucleophilic and
unsaturated organic substrates are currently under in-
vestigation.
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half-height (AW) at —90 °C (broadening may be viscosity related). As-
suming the chemical shift difference, v — ¥x, in the static spectrum will
be similar to that for the tungsten species 2a (458 Hz) and applying the
high- temperature approximation k = (v, — 1x)?/2(AW), we can estimate
the minimum rate constant for exchange at —90 °C as 3.64 X 10* 57 (AG,,
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Summary: Alkenes, which are normally inert to lithium
borohydride, are rapidly hydroborated in the presence of
carboxylic esters in ether at 25 °C to dialkylborinates,
valuable intermediates for various conversions. At the
same time, catalytic amounts of alkenes markedly en-
hance the rate of reduction of esters of lithium boro-
hydride.

Lithium borohydride is a valuable reagent for the se-
lective reduction of carboxylic ester groups in the presence
of many other reducible substituents.! In the course of
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same time, catalytic amounts of alkenes markedly en-
hance the rate of reduction of esters of lithium boro-
hydride.
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lective reduction of carboxylic ester groups in the presence
of many other reducible substituents.! In the course of
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Figure 1. Reduction of esters by LiBH, in ether at 25 °C: [ester]
=1.0M; (LiBH,] = 1.0 M.

Table I. Reduction of Esters by
Lithium Borohydride in Ether at 25 °C®

time, h, hydride used for
reduction

ester 0.5 1.0 20 40 6.0 8.0

0.34 0.56 0.81 1.29 1.86 1.99
ethyl benzoate 0.18 0.27 0.37 0.61 0.82 0.98
ethyl pivalate 0.14 0.21 0.35¢ 0.42 0.69
ethyl 10-undecenoate 0.77 2.38 d

@ [ester] = [LiBH,] = 1.0 M. Reaction monitored by
hydrolysis of LiBH, using glycerine-H,O-THF (1:1:1)
mix ture and measuring the hydrogen evolved. Mmol/
mmol of ester. € 3.0h. ¢ White precipitate formed.

ethyl caproate

a study of the rate of reduction of esters by lithium bo-
rohydride in ethyl ether and tetrahydrofuran, we observed
that under identical reaction conditions (1.0 M each in
LiBH, and ester, 25 °C) the uptake of hydride by the
unsaturated ester, ethyl 10-undecenoate, was far faster
than the uptake by the saturated ester, ethyl caproate
(Figure 1, Table I). This unexpected result prompted us
to investigate this phenomenon in detail.

Accordingly, ethyl 10-undecenoate (30 mmol) was
treated with LiBH, (30 mmol) in ether at 25 °C for 2.0 h.
The reaction product was then hydrolyzed with 6 N HCI
(5 mL, 30 mmol). A total of 31 mmol of hydrogen was
evolved. This indicates that 3 mmol of hydride are utilized
per mmol of ester, compared to 2 mmol of hydride utilized
by ethyl caproate and similar saturated carboxylic esters.
The solution was made alkaline with aqueous sodium
hydroxide and oxidized with 10 mL of 30% hydrogen
peroxide. The solution was saturated with potassium
carbonate and extracted with tetrahydrofuran (3 X 10 mL).
Distillation gave 5.08 g: bp 190-192 °C (20 mm); solidified,
mp 54-57 °C. GLC analysis (Carbowax 10%, 20 M on
Chromosorb W, 6 ft X !/, in.) showed two peaks, corre-
sponding to 1,10-undecanediol (15%}) [lit.* bp 168 °C (8
mm); mp 48 °C] and 1,11-undecanediol (85%) [lit.* bp 178
°C (12 mm); mp 62 °C]. Thus the recovered yield is 90% .5

(3) (a) Yoon, N. M.; Cha, J. S. Taehan Hwahakhoe Chi 1977, 21, 108.
(b) Brown, H. C.; Narasimhan, S.; Choi, Y. M., unpublished results.

(4) (a) Chuit, P. Helv. Chim. Acta 1926, 9, 266. (b) Chuit, P.; Boelsing,
F.; Hausser, J.; Malet, G. Helv. Chim. Acta 1926, 9, 1093.

(5) Paul, R.; Joseph, N. Bull. Soc. Chim. Fr. 1952, 550. The authors
reported the formation of unsaturated alcohol when reacted with KBH,
in the presence of LiCl in THF. However, we found that even in THF
the double bond was hydroborated with LiBH,.
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Table II. Stoichiometry of the 1-Decene Catalyzed
Reduction of Ethyl Caproate by
Lithium Borohydride in Ether at 25 °C¢

residual reactants

ester, LiBH,, olefin, ester,? LiBH,° olefin,?
mmol mmol mmol mmol mmol mmol
1 1 6 0.18 0 3.63
1 1.25 6 0 0 3.04
1 2 6 0 0.75 3.02
1 6 6 0 4.76 3.05
1 1.25 3 0 0 0.06°¢

@ Reaction time, 8 h. ® Analyzed by GLC after oxida-
tion using Carbowax 10% 20M on Chromosorb W, 6 ft X
/4 in. ¢ Estimated by hydrolysis method. ¢ Deter-
mined by 'H NMR using benzene as internal standard.
€ "B NMR showed two peaks: & 8 and 2.6.

Table III. Hydroboration-Oxidation of Representative
Alkenes by Lithium Borohydride in the
Presence of Ethyl Acetate?

alkene product % yield ®
1-hexene 1-hexanol 92
2-hexanol 8 (97)
1-decene 1-decanol 92
2-decanol 8 (98)
2-methyl-1-pentene 2-methyl-1-pentanol 100 (96)
cyclopentene® cyclopentanol 95
cyclohexene® cyclohexanol 96
norbornene® exo-norbornanol 98
endo-norbornanol 2 (96)

¢ Ethyl acetate = 5.0 mmol; alkene = 15 mmol; LiBH, =
6.88 mmol. ® GLC yields. Values in parentheses
represent overall yield based on olefin reacted. The prod-
ucts were identified by coinjection with standard samples.
¢ Alkene = 10 mmol; LiBH, = 5.5 mmol.

Alkenes are normally inert to the action of lithium bo-
rohydride. Consequently, the reduction of the ester
grouping in ethyl 10-undecenoate in some way activates
the lithium borohydride reagent so that it concurrently
hydroborates the carbon-carbon double bond in the
molecule. It was of interest to examine whether the same
phenomenon would be observed if the carbon—carbon
double bond were contained in a separate molecule.

Accordingly, the rate of reduction of ethyl caproate by
lithium borohydride in ethyl ether in the presence of an
equimolar concentration of 1-decene was examined. In-
deed, we observed a very fast uptake of 3 equiv of hydride
(30 min) with complete reduction of the ester and complete
hydroboration of the alkene. Oxidation of the reaction
product and analysis by GLC indicated 92% 1-decanol and
8% 2-decanol, as well as 98% 1-hexanol (from the ester).

We then studied the stoichiometry of this reaction in
order to provide a useful method for the hydroboration of
alkenes. It is evident from Table II that a maximum of
3 mol of 1-decene are hydroborated by lithium borohydride
for each mole of ester reduced. Similar results were ob-
tained with ethyl acetate.? Although the stoichiometry
indicates the formation of trialkylborane, !B NMR
analysis of the reaction mixture showed two peaks around
8 8 and 3. Hydrolysis of this mixture and analysis of the
ether layer indicated two peaks: & 87 (R;B) and 54
(R,BOR’). However, when the alkene present was de-
creased to two alkenes per ester, only the dialkylborinate
was formed.” Interestingly, in the case of cyclic olefins,

(6) Attempts to use methyl formate at 25 and 0 °C resulted in incom-
plete hydroboration, probably due to its fast reduction by LiBH, (100%,
5 min).

(7) When equal concentrations of olefin and ester were used, 'B NMR
indicated again the formation of LiR,B(OEt), and LiB(OEt},.
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Table IV. Alkene-Catalyzed Reduction of Esters by Lithium Borohydride in Ether at 25 °C¢

time, h, hydride used for reduction®

[alkene],
ester alkene M 0.25 0.5 1.0 1.5 2 3
ethyl caproate 1-decene 1.0 1.08 2.2 3.03 3.03
0.2 1.04 1.45 2.2 2.2
0.1 0.42 0.96 1.6 2.01 2.10 2.10
0.05 0.21 0.57 0.99 1.28 1.58 1.99
1-pentene 0.1 0.85 1.35 2.10 2.10
1-hexene 0.1 0.85 1.34 1.93 2.11 2.11
cyclohexene 0.1 0.67 1.08 1.55 2.10 2.10
1-methyleyclohexene 0.1 0.71 1.15 1.49 2.09 2.10
limonene 0.1 1.2 1.87 2.15 2.2 2.2
ethyl benzoate 1-decene 0.1 0.11 0.32 0.68 0.79 0.99 1.71
ethyl pivalate 1-decene 0.1 0.35 0.53 1.51 2.07 2,10

8,6 See corresponding footnotes in Table 1.

only 2 mol are hydroborated per ester reduced, even in the

presence of excess olefin, producing both the dialkyl-

borinate and its ate complex (!B NMR spectrum 6 52 and

7.4). The formation of these products as well as the ob-

served stoichiometry for the reaction could be expressed

by eq 1-3.

3Li(RCH,CH,),B(OCH,CH,), +

2Li(RCH,CH,);BOCH,CH; (1)

CH,CO,C,H; + LiBH, + 2RCH—CH, —
Li(RCH,CH,),B(OCH,CH,), (2)

Li(RCH,CH,),B(OCH,CH,), =
LiOCH,CH; + (RCH,CH,),BOEt (3)

Dialkylborinates are synthetically valuable intermediates
which are not accessible through direct hydroboration with
borane.® Currently, the best method for synthesizing such
dialkylborinates utilizes hydroboration with haloboranes.?
However, the ester induced hydroboration of alkenes by
lithium borohydride affords a simple alternate route to
these intermediates. Thus, cyclohexene (10 mmol) was
reacted with lithium borohydride (56 mmol) in the presence
of ethyl acetate (5 mmol) in ether at 25 °C for 1 h. After
the completion of the reaction, ether was removed. The
solid was extracted with pentane (3 X 10 mL) and cen-
trifuged and the clear pentane solution coliected in a flask.
Removal of pentane provided 1.04 g (94%) of ethyl di-
cyclohexylborinate [identified by 'H NMR (CDCly) &
0.6-1.4 (m, 25 H), 3.4 (q, 2 H, OCH,); 'B NMR (CDClj)
52 ppm; also by 3C NMR]. Ethyl dicyclopentylborinate
was isolated similarly: yield 95%.

Further applications of this reaction are the synthesis
of alcohols by a new hydroboration—oxidation procedure
involving the activation of lithium borohydride by esters
and the one-pot conversion of alkenes to symmetrical
ketones utilizing dichloromethyl methyl ether (DCME).2
The alcohols are obtained in essentially quantitative yield
with selectivities similar to those from borane® (Table III).
The ketones are obtained as follows: cyclopentene (10
mmol) is treated with lithium borohydride (5 mmol) and
ethyl acetate (5 mmol) in ether at 25 °C for 1 h. To the
reaction product is added 10 mmol of DCME followed by
5 mmol of lithium triethylcarboxide. After 15 min, the
product is oxidized with alkaline hydrogen peroxide and
extracted with pentane. Pentane is removed under re-
duced pressure, followed by triethylcarbinol, bp 54-56 °C
(16 mm). Further distillation provided pure dicyclopentyl

ketone, bp 115-117 °C (15 mm) [lit.° 86 °C (5 mm); 0.664
g (80%)]. The product is identified by 'H NMR, IR, and
13C NMR spectra. Similarly, 2-methyl-1-pentene afforded
4,8-dimethylundecan-6-one in 79% yield; bp 124-126 °C
(20 mm).

We have earlier reported that the reduction of esters is
catalyzed by the presence of dialkylborinates, such as
B-methoxy-9-borabicyclo[3.3.1]nonane.!! The formation
of dialkylborinates in the present reaction prompted us
to study the catalytic effect of alkenes on the rate of re-
duction of esters. Indeed, we found 10 mol % of alkene
markedly catalyzes the reduction of esters (Table IV).

We can account for the rate-enhancing effect of the
alkene on the reduction of the ester grouping by postu-
lating a coupled reaction. Accompanying the transfer of
the hydride to the carbonyl group is a transfer of borane
to the alkene (eq 4).

RCCRR" + LiBH4 + R'"CH=CH; —=

r ﬁ“.u A TL
R—C—0R'| —= R—C—0R' + R"CH,CH,BH, (4)
|
H H
1
i “aldehyde
/ T\ intermediate”’
H p H
_R”CH=CH2J

Since the second hydroboration is usually very fast, the
alkylborane would form dialkylboranes.!? The formation
of trialkylborane should be kinetically slow compared to
the reduction of the “aldehyde intermediate”. However,
with high olefin concentration, the trialkylborane is
formed.

Thus, the present study demonstrates the possibility of
preparing dialkylborinates from simple reagents, the con-
version of alkenes into ketones, and the rapid reduction
of esters by lithium borohydride in the presence of catalytic
amounts of alkenes. We are investigating further the
synthetic utility of this ester-induced hydroboration of
alkenes by lithium borohydride.
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Summary: The thermal isomerizations of 3-hexyldicyclo-
alkylboranes were compared under identical conditions.
The rate of thermal isomerization of 3-hexyldicyclooctyl-
borane (7) is approximately 7 times greater than that of
3-hexyldicycloheptylborane (6), about 33 times more than
that of 3-hexyldicyclohexylborane (3), and nearly 100
times greater than the rate of 3-hexyldicyclopentylborane
(5), a discovery of great importance in understanding the
high dependence of the rate and equilibrium of isomeri-
zation on the size of the cycloalkyl substituents present
on the boron atom.

We recently reported? that B-(3-hexyl)bis(2,5-di-
methylcyclohexyl)borane (4) isomerizes at an exceptionally
rapid rate compared to 3-hexyldicyclohexylborane (3),
tri-3-hexylborane (2), and B-(3-hexyl)-9-borabicyclo-
{3.3.1]nonane (1, Chart I). We rationalized these results
in terms of increasing steric crowding in the organoboranes.

It then occurred to us that it might be possible to achieve
significant enhancement in the rate of isomerization above
that of 3-hexyldicyclohexylborane in yet another way by
gradually increasing the size of the carbocyclic substituents
present on the boron atom (as in Chart II) instead of
introducing methyl substituents onto the cyclohexyl ring
(as shown in Chart I). Therefore, we decided to study the
thermal isomerization of 3-hexyldicycloalkylboranes.

Accordingly, we prepared 3-hexyldicyclopentylborane
(5), 3-hexyldicycloheptylborane (6), and 3-hexyldicyclo-
octylborane (7) and compared their rates of isomerization
with that of 3-hexyldicyclohexylborane (3) under identical
conditions: 150 °C in diglyme using 0% hydride excess
(Chart II).

It is indeed gratifying to observe that 3-hexyldicyclo-
octylborane (7) isomerizes approximately 7 times more
rapidly than 3-hexyldicycloheptylborane (6), about 33
times faster than 3-hexyldicyclohexylborane (3), and nearly
100 times faster than 3-hexyldicyclopentylborane (5, Figure
1). This is in nice agreement with our prediction that
increasing the ring size of the substituent cycloalkyl groups
on the boron atom could significantly increase the steric

(1) Graduate research assistant on grants from the Exxon Research
and Engineering Corp. and the National Science Foundation.

(2) Brown, H. C.; Racherla, U. S.; Taniguchi, H. J. Org. Chem. 1981,
46, 4313.
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Figure 1. A comparison of the rates of isomerization of 3-
hexyldicycloalkylboranes: A, 3-hexyldicyclooctylborane; O, 3-
hexyldicycloheptylborane; O, 3-hexyldicyclohexylborane; @, 3-
hexyldicyclopentylborane.

crowding in the resulting organoboranes so as to increase
the rate of isomerization.

More interestingly, we also found that 3-hexyldicyclo-
octylborane (7) yields an equilibrium mixture containing
more boron distribution on C-1 compared to that derived
from 3-hexyldicycloheptylborane (6), which in turn is
better than the boron distribution on C-1 observed in the
equilibrium mixtures of 3-hexyldicyclohexylborane (3) and
3-hexyldicyclopentylborane (5, Table I). This shows that
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Summary: The thermal isomerizations of 3-hexyldicyclo-
alkylboranes were compared under identical conditions.
The rate of thermal isomerization of 3-hexyldicyclooctyl-
borane (7) is approximately 7 times greater than that of
3-hexyldicycloheptylborane (6), about 33 times more than
that of 3-hexyldicyclohexylborane (3), and nearly 100
times greater than the rate of 3-hexyldicyclopentylborane
(5), a discovery of great importance in understanding the
high dependence of the rate and equilibrium of isomeri-
zation on the size of the cycloalkyl substituents present
on the boron atom.

We recently reported? that B-(3-hexyl)bis(2,5-di-
methylcyclohexyl)borane (4) isomerizes at an exceptionally
rapid rate compared to 3-hexyldicyclohexylborane (3),
tri-3-hexylborane (2), and B-(3-hexyl)-9-borabicyclo-
{3.3.1]nonane (1, Chart I). We rationalized these results
in terms of increasing steric crowding in the organoboranes.

It then occurred to us that it might be possible to achieve
significant enhancement in the rate of isomerization above
that of 3-hexyldicyclohexylborane in yet another way by
gradually increasing the size of the carbocyclic substituents
present on the boron atom (as in Chart II) instead of
introducing methyl substituents onto the cyclohexyl ring
(as shown in Chart I). Therefore, we decided to study the
thermal isomerization of 3-hexyldicycloalkylboranes.

Accordingly, we prepared 3-hexyldicyclopentylborane
(5), 3-hexyldicycloheptylborane (6), and 3-hexyldicyclo-
octylborane (7) and compared their rates of isomerization
with that of 3-hexyldicyclohexylborane (3) under identical
conditions: 150 °C in diglyme using 0% hydride excess
(Chart II).

It is indeed gratifying to observe that 3-hexyldicyclo-
octylborane (7) isomerizes approximately 7 times more
rapidly than 3-hexyldicycloheptylborane (6), about 33
times faster than 3-hexyldicyclohexylborane (3), and nearly
100 times faster than 3-hexyldicyclopentylborane (5, Figure
1). This is in nice agreement with our prediction that
increasing the ring size of the substituent cycloalkyl groups
on the boron atom could significantly increase the steric

(1) Graduate research assistant on grants from the Exxon Research
and Engineering Corp. and the National Science Foundation.

(2) Brown, H. C.; Racherla, U. S.; Taniguchi, H. J. Org. Chem. 1981,
46, 4313.
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Figure 1. A comparison of the rates of isomerization of 3-
hexyldicycloalkylboranes: A, 3-hexyldicyclooctylborane; O, 3-
hexyldicycloheptylborane; O, 3-hexyldicyclohexylborane; @, 3-
hexyldicyclopentylborane.

crowding in the resulting organoboranes so as to increase
the rate of isomerization.

More interestingly, we also found that 3-hexyldicyclo-
octylborane (7) yields an equilibrium mixture containing
more boron distribution on C-1 compared to that derived
from 3-hexyldicycloheptylborane (6), which in turn is
better than the boron distribution on C-1 observed in the
equilibrium mixtures of 3-hexyldicyclohexylborane (3) and
3-hexyldicyclopentylborane (5, Table I). This shows that
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Table I. Thermal Isomerization® of
B-(3-Hexyl )dicycloalkylboranes

time to %

reach composition
equilib- of he?rfmols of
. equilibrium
ty vium, 2T
organoborane s h l-ol 20l 3-o0l

CHaCHCHCH,CHAC 1y

O/\O 900

CHgTH DT O

d@ 300

SRaCH,CHCRSCH, CH,

|
K\(“, 60 2 98 1 1
NA

€10, CHOR,CH, A

\
DO

@ Al] thermal isomerizations were done at 150 + 2 °C in
diglyme with 0% hydride excess. t,,, was determined
graphically from kinetic data obtained in each case.

T

48 93 5 2

48 97 2 1

the rate of isomerization and the equilibrium distribution
increase in the same direction, consistent with the im-
portance of a steric factor in both phenomena.

The following procedure is representative for the prep-
aration of 3-hexyldicycloalkylboranes. Dicycloheptyl-
bromoborane was first prepared by adding 1.2 mL of 8.3
M BH;Br-SMe, (neat liquid, 10 mmol) to 2.115 g of cy-
cloheptene (22 mmol) in 5 mL of dry CH,Cl, at 0 °C and
then stirring the solution at 25 °C for 5 h. The completion
of the reaction was checked by !B NMR. The solvent
CH,C], and excess olefin were then pumped off under
vacuum, and the reaction mixture was dissolved in 5 mL
of anhydrous ether. Next, 1.5 mL of cis-3-hexene (12
mmol) was added, followed by 2.6 mL of 0.98 M LiAlH,
solution? in ether 2.5 mmol), and the reaction mixture was
stirred at 0 °C for 12 h. The excess olefin and solvent ether
were then pumped off under vacuum, and 10 mL of an-
hydrous pentane was added. Next, 2.6 mL of 39 M
NaOMe (10 mmol) in methanol was added to precipitate
aluminum bromide as aluminum methoxide, and then the
supernatant liquid was carefully transferred into another
flask. The precipitate was washed twice with 2 mL of
pentane, and the washings were added to the already
collected pentane solution. The pentane was subsequently
evaporated, and the trialkylborane was distilled under very
high vacuum (0.005-mmHg pressure). The pure 3-hexyl-
dicycloheptylborane was then dissolved in 10 mL of dry
diglyme, and the resulting mixture was isomerized at 150
+ 2 °C by using a thermowatch. The progress of the
isomerization was checked at regular intervals of time by
oxidizing 1-mL aliquots with alkaline hydrogen peroxide
and analyzing the alcohols (extracted into ether) by GC.
The standard conditions used for GC analysis were 10%
Carbowax 1540 on Chromosorb W (1/5 in. X 12 ft) and
isothermal analysis at 70 °C (Varian 1200 FID GC). A
nitrogen atmosphere was maintained until the completion
of oxidation.

Thus, the present exploratory study clearly brings out
the influence of an important steric factor, namely, the ring

(3) Brown, H. C.; Kulkarni, S. U. J. Organomet. Chem. 1981, 218, 309.
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size of the cycloalkyl substituents on the boron atom, on
the rate and equilibrium of thermal isomerization of 3-
hexyldicycloalkylboranes. It also enhances the scope of
thermal isomerization for synthetic purposes (Scheme I).

We continue to explore the steric influences on the rate
and equilibrium of thermal isomerization. Efforts are
currently underway to develop dicycloalkylboranes from
still higher membered rings, which we hope to be of utmost
synthetic importance.

Coupling of Methylidyne and Carbonyl Ligands on
Tungsten. Crystal Structure of
W(72-HC=COAICI;)(CO)(PMe,),CI

Melvyn Rowen Churchill* and Harvey J. Wasserman

Department of Chemistry
State University of New York at Buffalo
Buffalo, New York 14214

S. J. Holmes and R. R. Schrock*

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Received February 3, 1981

Summary: W(CHXPMe,),Cl reacts with carbon monoxide
in the presence of AlX; (X = Me or Cl) to give complexes
of the type W(n*~HC=COAIX,;}CO)PMe,),Cl. Single
crystals of W(n?°~CH==COAIC|;CO)(PMe;),Cl are mono-
clinic, space group P2,/c, with a = 10.4197 (17) A, b =
12.8965 (25) A, ¢ = 19.3194 (45) A, 8 = 105.88 (2)°,
v = 2497 (1) A3, and p(calcd) = 1.73 gcm™3 for Z = 4
and molecular weight 650.

Carbon—carbon bond formation via the reaction of
surface-bound methylene or methylidyne groups with
carbon monoxide might play a significant role in hetero-
geneous metal-catalyzed reductions of carbon monoxide
with molecular hydrogen,! even though the latest theory
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NaOMe (10 mmol) in methanol was added to precipitate
aluminum bromide as aluminum methoxide, and then the
supernatant liquid was carefully transferred into another
flask. The precipitate was washed twice with 2 mL of
pentane, and the washings were added to the already
collected pentane solution. The pentane was subsequently
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diglyme, and the resulting mixture was isomerized at 150
+ 2 °C by using a thermowatch. The progress of the
isomerization was checked at regular intervals of time by
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and analyzing the alcohols (extracted into ether) by GC.
The standard conditions used for GC analysis were 10%
Carbowax 1540 on Chromosorb W (1/5 in. X 12 ft) and
isothermal analysis at 70 °C (Varian 1200 FID GC). A
nitrogen atmosphere was maintained until the completion
of oxidation.

Thus, the present exploratory study clearly brings out
the influence of an important steric factor, namely, the ring
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size of the cycloalkyl substituents on the boron atom, on
the rate and equilibrium of thermal isomerization of 3-
hexyldicycloalkylboranes. It also enhances the scope of
thermal isomerization for synthetic purposes (Scheme I).

We continue to explore the steric influences on the rate
and equilibrium of thermal isomerization. Efforts are
currently underway to develop dicycloalkylboranes from
still higher membered rings, which we hope to be of utmost
synthetic importance.
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Summary: W(CHXPMe,),Cl reacts with carbon monoxide
in the presence of AlX; (X = Me or Cl) to give complexes
of the type W(n*~HC=COAIX,;}CO)PMe,),Cl. Single
crystals of W(n?°~CH==COAIC|;CO)(PMe;),Cl are mono-
clinic, space group P2,/c, with a = 10.4197 (17) A, b =
12.8965 (25) A, ¢ = 19.3194 (45) A, 8 = 105.88 (2)°,
v = 2497 (1) A3, and p(calcd) = 1.73 gcm™3 for Z = 4
and molecular weight 650.

Carbon—carbon bond formation via the reaction of
surface-bound methylene or methylidyne groups with
carbon monoxide might play a significant role in hetero-
geneous metal-catalyzed reductions of carbon monoxide
with molecular hydrogen,! even though the latest theory
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Figure 1. The structure of W(n>HC=COAICl,)(CO)(PMe,),Cl
(ORTEP-11, 30% ellipsoids).

(a version of the original proposal by Fischer and Tropsch)
is that the carbon—carbon bond is formed by migration of
a surface alkyl to a surface alkylidene group.? Coupling
of carbon monoxide with a methylene or methylidyne
ligand is also a possible step in homogeneous systems in
which carbon monoxide is reduced by molecular hydrogen.
Since we recently reported the preparation and structures
of W(CH)(C])(PMej,), along with the unusual aluminated
derivatives W(CH-AIR,)(Cl)(PMe;);®* and W-
(CALMe,C)(CH;)(PMey)o(n*-CoH,),5 we became interested
in studying the reactions of such molecules with carbon
monoxide. We report here the preparation and structure
of the product of the reaction between W(CH)(Cl)(PMe,),
and carbon monoxide in the presence of aluminum reag-
ents.

W(CH)(Cl)L, (I, = PMes) does not react cleanly with
carbon monoxide (30 psi, 24 h, 25 °C). In the presence of
AlMe,, however, an orange-red crystalline product with the
composition W(CH)(CO),(PMe;);(Cl)(AlMe;) can be iso-
lated in 83% yield.® Its 1*C NMR spectrum showed three
low-field resonances, two of which can be ascribed to
carbonyl carbon atoms and the third to a methyne carbon
atom with Jcy = 200 Hz.” Its IR spectrum shows a CO
stretch at 1960 cm™ and one at 1615 cm™.. An analogous
AlCl; complex can be prepared by employing 2 equiv of

(1) (a) “Catalytic Activation of Carbon Monoxide”; Ford, P. C., Ed.;
American Chemical Society: Washington, D.C., 1981; ACS Symp Ser.
No. 152. (b) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479. (c)
Masters, C. Adv. Organomet. Chem. 1979, 17, 61. (d) Henrici-Olivé, G.;
Olivé, S. Angew Chem., Int. Ed. Engl. 1976, 15, 136. (e) Ponec, V. Catal.
Rev.—Sci. Eng. 1978, 18, 151.

(2) Brady, R. C. III; Pettit, R. J. Am. Chem. Soc. 1981, 103, 1287.

(3) Sharp, P. R.; Holmes, S. J.; Schrock, R. R.; Churchill, M. R;;
Wasserman, H. J. J. Am. Chem. Soc. 1980, 102, 7809.

(4) Churchill, M. R.; Rheingold, A. L.; Wasserman, H. J. Inorg. Chem.
1981, 20, 3392.

(5) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1981, 20, 4119.

(6) W(CH)(C1)(PMej), (1.0 g, 1.9 mmol) was dissolved in toluene, and
AlMe; (0.13 g, 1.9 mmol) was added at 25 °C. The mixture was stirred
under 30 psi of CO at 25 °C for 2 days, and the solvent was removed in
vacuo. The residue was dissolved in CH,Cl,, and the solution was filtered
and concentrated to 4 mL. Pentane (3 mL) was added, and after the
mixture was left standing at —10 °C for 1 day, 0.54 g of orange-red crystals
was collected. A second crop of 0.21 g was obtained from the mother
liquor by the same procedure; total yield 0.75 g (83%). Anal. Caled for
WC,;H3-AICIO Py C, 30.58; H, 6.29. Found: C, 30.12; H, 6.18.

(7) 'H NMR (CD,Cl,, 250 MHz, 295 K) 12.75 (br d, 1, Jyp = 18.9 Hz,
W(CHCOAIMejy)), 1.70 (d, 9, Jyp = 6.7 Hz, PMey), 1.36 (t, 18, Jyp = 3.7
Hz, PMey), -1.0 ppm (br s, 9, AlMe,). 3C NMR (CD,Cl,, 62.8 MHz, 295
K): 226.3 (s, W-CO), 215.2 (d, Jcp = 34.9 Hz, W-CO), 196.2 (br d, Jcy
= 200 Hz, W(CHCOAIMej)), 18.3 (br m, Jcp = 5.8 Hz, PMe,), 18.6 (d,
Jep = 17.4 Hz, PMe;), -7.8 ppm (br q, Jcy = 110 Hz, AlMe,). *'P NMR
(CH,Cl,, 36.2 MHz, 295 °C): —25.4 (d, Jpp = 19.5 Hz, PMe,), -31.3 ppm
(t, Jpp = 20.1 Hz, PMe;). IR (Nujol, em™): 1960, 1615.
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AlC]; in chlorobenzene® A crystal of “W(CH)(CO),-
(PMeg);(C1)(AICl,)” suitable for X-ray diffraction was
obtained by recrystallization from a mixture of dichloro-
methane and toluene at —10 °C.

Crystals of “W(CH){(CO)y,(PMe;)3(C1)(AIClL;)” are
monoclinic, space group P2;/¢, with @ = 10.4197 (17) A,
b =12.8965 (25) A, c = 19.3194 (45) A, 8 = 105.88 (2)°, V
= 2497 (1) A3, and p(caled) = 1.73 g cm™ for Z = 4 and
mol wt 650.0. Diffraction data were collected with a Syntex
P2, four-circle automated diffractometer using a coupled
f(crystal)—26(counter) scan technique® and the structure
was solved by standard Patterson, difference-Fourier and
full-matrix least-squares refinement techniques. All atoms
(including the 28 hydrogen atoms) were located and re-
fined. The final discrepancy indices are By = 3.2% and
R.r 3.0% for all 4423 independent reflections with 4.0 <
26 < 50.0° (Mo Ka radiation; no reflections rejected).

The structure of the complex, which turns out to be
W (7*-HC=COAICl;)(CO)(PMe,),Cl, is shown in Figure 1.
The complex results from coupling of carbonyl and me-
thylidyne ligands, possibly accelerated by coordination of
the Lewis acid to a carbonyl oxygen atom (see later). The
essentially planar HCCOAI system is best regarded as a
coordinated acetylene derivative rather than as a ketenoid
derivative. The tungsten—carbon distances, W-C(2) =
2.034 (4) A and W-C(3) = 2.009 (5) A, are nearly equiva-
lent. The acetylenic C(2)-C(3) distance of 1.316 (6) A and
the bending of the two acetylenic substituents away from
the metal (£C(3)-C(2)-0(2) = 143.5 (4)°; 2C(2)-C(3)-H(3)
= 137 (3)°) are consistent with values found in other
structures in which the C=C bond is substantially acti-
vated upon coordination.!® The X-ray determined C-
(3)-H(3) distance of 1.05 (5) A is reasonable.!! Formation
of the HCCOAICI, ligand is consistent with the spectro-
scopic data, in particular the vcq stretch at 1615 cm™ (the
C(2)-0(3) bond is significantly longer than a typical car-
bonyl C-O bond) and the significant coupling of H(3) to
C(2) (3.8 Hz) in the analogous product made by using *CO.
The aluminum-oxygen bond (Al-O(2) = 1.751 (3) A) is
significantly shorter (and stronger) than the Al-O bond
in molecules in which the AlX; group acts as a bridge
between the oxygen atom and the metal (e.g., AI-O = 1.81
(1) A in Mn(C(OAIBrBr,)(C0),!2).

The remainder of the structure is unexceptional. In the
terminal carbonyl ligand, W-C(1) = 1.984 (4) &, C(1)-0(1)
= 1.150 (6) A, and ZW-C(1)-0(1) = 175.0 (4)°. The two
mutually trans W-P distances are equivalent (W-P(1) =
2.519 (1) A and W-P(2) = 2.523 (1) A), while the third
(trans to the CO ligand) is somewhat longer (W-P(3) =

(8) W(CH)(C)){PMeg), (2.0 g, 3.7 mmol) was dissolved in 10 mL of
chlorobenzene, and AICl; (1.0 g, 7.5 mmol) was added rapidly as a solid.
The mixture was then stirred under 30 psi of carbon monoxide at 25 °C
for 1 day. The resulting dark brown solution containing a light colored
precipitate was filtered, and the insolubles were washed with 10 mL of
acetonitrile at 10 °C. The orange-red insolubles were dissolved in di-
chloromethane, and the solution was filtered. The dichloromethane
solution was concentrated to 3 mL and filtered to give 1.2 g of orange solid
(50% yield). "H NMR (CD,Cly, 250 MHz, 295 K): 12.1(d, 1, Jgp = 12.5
Hz, WCHCOAICL), 1.8 (d, 9, Jyp = 7.5 Hz, PMe;), 1.4 ppm (, 18, Jyp
= 4.4 Hz, PMey). 3C NMR (CD,Cl,, 62.8 MHz, 295 K): 230.8 (br s,
W-CO), 213.5 (d, Jcp = 38.8 Hz, W-CO), 194.4 (d of d, Joy = 202.5 Hz,
Jep = 22.2 Hz, W(CHCOAIC)y)), 18.7 (br q, Jc = 130.4 Hz, PMe,), 18.4
ppm (q of d, Joy = 130.4 Hz, Jcp = 16.7 Hz, PMe;). %P NMR (CH,Cl,,
36.2 MHz, 295 K): -25.7 (d, Jpp = 19.5 Hz, Jpy = 264 Hz, PMej), -30.5
ppm (t, Jpp = 19.5 Hz, Jpy = 144 Hz, PMe;). IR (Nujol, em™): 1970,
1605. A (1.6 x 10* M, CH,Cly) = 1.95 @' cm™ ML

(9) Churchill, M. R.; Lashewycz, R. A.; Rotella, F. J. Inorg. Chem.
1977, 16, 265.

(10) Smith, G.; Schrock, R. R.; Churchill, M. R.; Youngs, W. J. Inorg.
Chem. 1981, 20, 387.

(11) Churchill, M. R. Inorg. Chem. 1973, 12, 1213.

(12) 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.
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2.571 (1) A). Cis angles about the octahedral tungsten
range from /P(2)-W-Cl (4) = 81.06 (4)° through /P(1)-
W-Ac = 98.9°. (Ac represents the midpoint of the ace-
tylenic C(2)-C(3) bond and the acetylene ligand is con-
sidered monodentate.)

One of the more interesting questions concerns the role
of the aluminum reagent. Since W(CH)(CI)L, reacts with
AlX; reagents (2 equiv) to give W(CH)(CHL3(AlX;) and
MezPAIX,? it is reasonable to propose this as the first step,
followed by coordination of CO in the position of the ligand
bridging between Al and W (eq 1). The question then

XEAI—C’H Xﬁ‘ H #
Ywen =S oc-&g'l 2. X5~ 0C WL n
g [ig &g
c ¢l cl
(L= PMes )

reduces to whether the two carbon atoms couple at this
point or later. Since activation of carbonyl ligands by
interaction of the carbonyl oxygen atom with a Lewis acid
is well documented,'? it might seem more necessary for
AlX; to activate the carbon monoxide toward coupling
than the methylidyne ligand. On the other hand, it is also
attractive to postulate that the two carbenoid ligands (CO
and C(H)(AIXj)) couple first and that AIX; (probably from
outside the coordination sphere) subsequently coordinates
to the carbonyl oxygen atom. In either case, AlX; plays
an intimate role in the coupling reaction. Preliminary
experiments suggest that removing AlCl; from W(n?-
HC=COAICl;)(CO){PMe,);Cl] with a strong base (in order
to generate W(CH)(CO)(PMe,);Cl) is not facile.
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if L is so sterically demanding that approach to the metal
center is hindered.!? The steric bulk of the ligands,
however, attenuates the reactivity of these compounds.
The crowded complex Pt[P(¢t-Bu);)], does not react with
dioxygen, molecular hydrogen, or methanol; as L becomes
smaller [e.g., L = P(¢-Bu)yPh, P(c-Hx)3, P(i-Pr);], the re-
activity of PtL, toward small molecules increases.®*
Relatively unhindered PtL, complexes, where L is a small
phosphine ligand, have not been observed and should be
highly reactive. For example, one phosphine can dissociate
from Pt(PEty), to give the 16-electron species Pt(PEt;),,
but further dissociation to produce spectroscopically ob-
servable quantities of Pt(PEt;), does not occur.>® The
oxalate complex Pt(PPh;),(C,0,) loses 2 equiv of carbon
dioxide upon UV irradiation to produce platinum(0) com-
pounds, presumably via Pt(PPh;),.° This suggested the
Pt(PEt;), fragment could be generated in situ photo-
chemically from Pt(PEt3),(C,0,), 1, and its reactions
studied under mild conditions. Because triethylphosphine
is both sterically undemanding and electron-rich, Pt(PEt,),
should be highly reactive.'® Furthermore, this photo-
chemical procedure could provide a convenient route to
platinum(0) and platinum(II) complexes containing two
triethylphosphine ligands; the only side product of the
synthesis would be carbon dioxide.

Complex 1 can be prepared!! from cis-Pt(PEt;),Cl, and
K,C,0,-H,0 as white crystals, soluble in polar solvents;
it is air-stable and unreactive in the absence of UV light,
both as a solid and in solution, but it is photochemically
reactive. The *'P{'H} NMR and IR spectra of 1 are con-
sistent!? with the square planar geometry shown in Scheme
I. Several experimental facts support the hypothesis that
UV irradiation of 1 generates Pt(PEt;),. Irradiation of
solutions of 1 in the presence of donor and acceptor lig-
ands, L, leads to formation of zerovalent complexes Pt-
(PEts),L,, (Scheme I). If 1 is irradiated in the presence
of substrates XY that can undergo oxidative addition,
platinum(II) complexes Pt(PEt;),XY form.!? Two
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(3) Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1977, 99, 2134-2140.

(4) Abbreviations: Me = methyl; Et = ethyl; Ph = phenyl; i-Pr =
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(6) Yoshida, T.; Matsuda, T.; Otsuka, S. Inorg. Synth. 1979, 14,
107-110.

(7) Mann, B. E.; Musco, A. J. Chem. Soc., Dalton Trans. 1980,
776-1785.

(8) The species Pt(PEt;,), is not seen spectroscopically, e.g., by 3'P
NMR spectroscopy. Kinetically significant quantities of Pt(PEt;), could,
however, be present in solutions of Pt(PEty);. For example, the results
of variable-temperature NMR line-shape analysis suggest that Pt(PEta)g
exchanges with free PEt; by both associative and dissociative pathways.

(9) Blake, D. M.; Nyman, C. J. J. Am. Chem. Soc. 1970, 92, 5359-5364.

(10) Trialkylphosphines are known to greatly increase the nucleophilic
reactivity of platinum(0) complexes compared with that of triaryl-
phosphine analogues; see ref 5.

(11) Metathesis of cis-Pt(PEty),Cl, (Parshall, G. W. Inorg. Synth.
1970, 12, 26-33) with K,C,0,H,0 in equal volumes of hot methanol and
water, followed by reduction of the liquid volume and cooling, produces
off-white crystals of 1. Recrystallization from dichloromethane/diethyl
ether produces pure white crystals of 1 in 85% yield. Anal. Caled: C,
32.37; H, 5.82; P, 11.93; Pt, 37.56. Found: C, 32.38; H, 5.76; P, 11.98; Pt,
37.80. Ir (CH,Cly): 1704 (vs), 1681 (s), 1670 (m), 1458 (w), 1366 (s), 1042
(sh), 1036 (m), 792 (m) em™. UV-Vis (CH;CN): Agay, nm (¢, M1 cm™)
206 (2.3 X 10%), 236 (8.3 X 10%), 258 (3.1 X 10%), 286 (7.5 x 102).

(12) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and
Coordination Compounds”, 3rd Ed.; Wiley: New York, 1978; pp 233-236.
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2.571 (1) A). Cis angles about the octahedral tungsten
range from /P(2)-W-Cl (4) = 81.06 (4)° through /P(1)-
W-Ac = 98.9°. (Ac represents the midpoint of the ace-
tylenic C(2)-C(3) bond and the acetylene ligand is con-
sidered monodentate.)

One of the more interesting questions concerns the role
of the aluminum reagent. Since W(CH)(CI)L, reacts with
AlX; reagents (2 equiv) to give W(CH)(CHL3(AlX;) and
MezPAIX,? it is reasonable to propose this as the first step,
followed by coordination of CO in the position of the ligand
bridging between Al and W (eq 1). The question then

XEAI—C’H Xﬁ‘ H #
Ywen =S oc-&g'l 2. X5~ 0C WL n
g [ig &g
c ¢l cl
(L= PMes )

reduces to whether the two carbon atoms couple at this
point or later. Since activation of carbonyl ligands by
interaction of the carbonyl oxygen atom with a Lewis acid
is well documented,'? it might seem more necessary for
AlX; to activate the carbon monoxide toward coupling
than the methylidyne ligand. On the other hand, it is also
attractive to postulate that the two carbenoid ligands (CO
and C(H)(AIXj)) couple first and that AIX; (probably from
outside the coordination sphere) subsequently coordinates
to the carbonyl oxygen atom. In either case, AlX; plays
an intimate role in the coupling reaction. Preliminary
experiments suggest that removing AlCl; from W(n?-
HC=COAICl;)(CO){PMe,);Cl] with a strong base (in order
to generate W(CH)(CO)(PMe,);Cl) is not facile.
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if L is so sterically demanding that approach to the metal
center is hindered.!? The steric bulk of the ligands,
however, attenuates the reactivity of these compounds.
The crowded complex Pt[P(¢t-Bu);)], does not react with
dioxygen, molecular hydrogen, or methanol; as L becomes
smaller [e.g., L = P(¢-Bu)yPh, P(c-Hx)3, P(i-Pr);], the re-
activity of PtL, toward small molecules increases.®*
Relatively unhindered PtL, complexes, where L is a small
phosphine ligand, have not been observed and should be
highly reactive. For example, one phosphine can dissociate
from Pt(PEty), to give the 16-electron species Pt(PEt;),,
but further dissociation to produce spectroscopically ob-
servable quantities of Pt(PEt;), does not occur.>® The
oxalate complex Pt(PPh;),(C,0,) loses 2 equiv of carbon
dioxide upon UV irradiation to produce platinum(0) com-
pounds, presumably via Pt(PPh;),.° This suggested the
Pt(PEt;), fragment could be generated in situ photo-
chemically from Pt(PEt3),(C,0,), 1, and its reactions
studied under mild conditions. Because triethylphosphine
is both sterically undemanding and electron-rich, Pt(PEt,),
should be highly reactive.'® Furthermore, this photo-
chemical procedure could provide a convenient route to
platinum(0) and platinum(II) complexes containing two
triethylphosphine ligands; the only side product of the
synthesis would be carbon dioxide.

Complex 1 can be prepared!! from cis-Pt(PEt;),Cl, and
K,C,0,-H,0 as white crystals, soluble in polar solvents;
it is air-stable and unreactive in the absence of UV light,
both as a solid and in solution, but it is photochemically
reactive. The *'P{'H} NMR and IR spectra of 1 are con-
sistent!? with the square planar geometry shown in Scheme
I. Several experimental facts support the hypothesis that
UV irradiation of 1 generates Pt(PEt;),. Irradiation of
solutions of 1 in the presence of donor and acceptor lig-
ands, L, leads to formation of zerovalent complexes Pt-
(PEts),L,, (Scheme I). If 1 is irradiated in the presence
of substrates XY that can undergo oxidative addition,
platinum(II) complexes Pt(PEt;),XY form.!? Two
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(8) The species Pt(PEt;,), is not seen spectroscopically, e.g., by 3'P
NMR spectroscopy. Kinetically significant quantities of Pt(PEt;), could,
however, be present in solutions of Pt(PEty);. For example, the results
of variable-temperature NMR line-shape analysis suggest that Pt(PEta)g
exchanges with free PEt; by both associative and dissociative pathways.
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(10) Trialkylphosphines are known to greatly increase the nucleophilic
reactivity of platinum(0) complexes compared with that of triaryl-
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1970, 12, 26-33) with K,C,0,H,0 in equal volumes of hot methanol and
water, followed by reduction of the liquid volume and cooling, produces
off-white crystals of 1. Recrystallization from dichloromethane/diethyl
ether produces pure white crystals of 1 in 85% yield. Anal. Caled: C,
32.37; H, 5.82; P, 11.93; Pt, 37.56. Found: C, 32.38; H, 5.76; P, 11.98; Pt,
37.80. Ir (CH,Cly): 1704 (vs), 1681 (s), 1670 (m), 1458 (w), 1366 (s), 1042
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(12) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and
Coordination Compounds”, 3rd Ed.; Wiley: New York, 1978; pp 233-236.

© 1982 American Chemical Society





Communications Organometallics, Vol. 1, No. 5, 1982 769
Scheme 1
Pt°(PEt,),L,
L n % yield (% convn)
PEt, 2 90 (95)
co 2 >95 (65)
L C,H, 1 91 (96)
Oxe-0, /T C,F, 1 >95 (90)
[Pl e (PO(PEts);)
¢C\O/ -2C0p
0 PEts XY
1 PtI{PEt,),XY
X Y geom % yield (% convn)
Me Cl trans 88 (23);45 (93)
MeO H trans 67 (75)
Et,Si H cis 82 (68); 59 (93)
equivalents of carbon dioxide are evolved in these reac- PLIPEL),(CoH,)
tions. In each case the product contains the Pt(PEty), 819.6 opm, 'Jpy_p = 3686 2
moiety. To monitor the course of these reactions, we ir- ; ' ‘
radiated solutions in NMR tubes and recorded the 3'P{*H}
NMR spectra at successive stages of the photolysis (Figure
1). These spectra showed the gradual conversion of 1 to
the products described; yields are described below. The | o e
reactions stopped in the absence of UV irradiation. The ’ 150
course of these reactions is most easily explained by as- | X J- 100
suming UV light triggers intramolecular reduction of Pt(II) 1 \ i

to Pt(0) by the “built-in” two-electron reductant C,0,%*.
The reactive platinum species is probably Pt(PEt;), or a
weak complex with solvent.!* Further evidence of the
formation of Pt(PEty), from 1 comes from the observation
that, in the absence of substrates to scavenge the reactive
Pt(PEt,), fragment, disproportionation produces Pt(PEt;),
and platinum metal (reaction 1). An analogous reaction

3Pt(PEty), — 2Pt(PEt,); + Pt 1)

occurs when Pt(PPhy), is generated in situ by reductive
elimination of methane from cis-Pt(PPhg),MeH.* When

(13) (a) Irradiations were performed by using a Hanovia 450-W me-
dium-pressure mercury arc lamp or an Oriel 450-W focused Xenon arc
lamp. Light output was filtered through cooled water (to removed IR
radiation). Reactions followed by 3'P{'H} NMR were carried out in 10-
mm Pyrex NMR tubes by irradiating solutions of 1 (0.04 mmol) in
CH3CN (1 mL)/Cg¢Dg (0.5 mL) (freeze-pump-thaw degassed or nitro-
gen-purged) that contained excess substrate (gases at 1 atm); the reaction
with MeOH was carried out in MeOH/CgDg. Products were identified
by comparison of NMR and IR spectra with those of authentic samples
or by NMR spectroscopy for the following new compounds. Pt(PEtg),-
(C,F,): 3'P{'H} NMR 6 15.4 (m, A part of AA’X,X," multiplet, lJp;p =
2425 Hz); F NMR 6 2.7 (relative to C,F, at 0 ppm, m, X part of
AA’X X, multiplet, %2/py = 279). Anal. Caled: C, 31.64; H, 5.69; F, 14.30;
P, 11.66. Found: C, 31.72; H, 5.61; F, 14.16; P, 11.87. trans-Pt-
(PEt3),H(OMe): 3'P{'H} NMR & 24.8 (s, 'Jpp = 2804 Hz); 'H NMR PtH
6 -23.76 (t, 2Jp1i( =154 HZ, 1JP¢H = 1309 HZ), PtOCHa 6 2.87 (bl‘, SJP'.H
= 56 Hz); 18C{!H} NMR PtOCH; 4 53.0 (br). cis-Pt(PEt;);H(SiEt;):
31P{1H} NMR PA (trans to Sl) 5 22.8 (d, 2JpAp = 16.4 HZ, IJp"pA = 1432
Hz), Pg (trans to H) é 19.1 (d, %Jp,p, = 16.4 Hz; Jpp, = 2392 Hz); 'H
NMR PtH 5 -2.29 (dd, ZJP H= 23 2z, 2JPBH =154 HZ, JPtH =942 HZ).
Preparation and spectra of the following compounds were previously
reported: Pt(PEts)y;® Pt(PEts);58 213b¢ Pt(PEt,),(CO)y;13 trans-Pt-
(PEty),MeX, X = Cl, L1%f (b) Nuzzo, R. G., McCarthy, T. J.; Whitesides,
G. M. Inorg. Chem. 1981, 20, 1312-1314. (c) Stone, F. G. A. Acc. Chem.
Res. 1981, 14, 318-325. (d) Chini, P.; Longoni, G. J. Chem. Soc. A 1970,
1542-1546. (e) Chatt, J.; Shaw, B. L. J. Chem. Soc. 1959, 705-716. (f)
Allen, F. H.; Pidcock, A. J. Chem. Soc. A 1968, 2700-2704.

(14) The solvent mixture affects the photoreactions of 1 in a way we
do not fully understand. The photoreaction of 1 with ethylene in ace-
tonitrile/benzene cleanly yields 2, while the same reaction in acetonitrile
yields 2 and a mixture of unidentified side products. The solubility of
ethylene is the same in each solvent and in mixtures of the two. It is
possible that benzene suppresses formation of side products by weakly
coordinating to Pt(PEts),, thereby stabilizing it until it reacts with C,H,.
A stable, fluxional complex of Pt(PEts); with perfluorohexamethyl-
benzene, Pt(PEty),[#2-Cg(CF;)g], is known: Browning, J.; Green, M.;
Penforld, B. R.; Spencer, J. L.; Stone, F. G. A. J. Chem. Soc., Chem.
Commaun. 1973, 31-32.
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Figure 1. Successive *'P{'H} NMR spectra (109 MHz) showing
the photochemical conversion under 1 atm ethylene of Pt-
(PEt;),(C,0,) (1) to Pt(PEty),(CoH,) (2). Irradiation times are
shown at right. The symmetrically disposed satellite peaks result
from those molecules that contain %Pt (33.8% abundance, I =
1/5). The rate of conversion decreases steadily as the concentration
of 2 increases, because 2 absorbs an increasingly greater fraction
of the incident irradiation. The signals marked by an asterisk
in the final spectrum are unidentified side products which form
at long irradiation times.

degassed solutions of 1 in acetonitrile are irradiated in the
absence of added substrates, a complex mixture of prod-
ucts forms, along with finely divided platinum metal. If
the solvent is removed under vacuum and the residue
extracted into toluene-dg, Pt(PEty); is seen from the 3'P{'H}
NMR spectrum to be the major product. Thus, dispro-
portionation of Pt(PEt,), occurs in competition with other
unidentified decomposition pathways.

The reactions of photogenerated Pt(PEt;), can be com-
pared with those of more hindered, thermally stable PtL,
complexes. For example, Pt[P(¢-Bu),Ph], reacts imme-
diately with CO to form Pt;(CO)3[P(¢-Bu),Phj;, accom-
panied by the loss of one phosphine ligand per platinum;?
however, the photoreaction of 1 with CO yields the mo-
nonuclear complex Pt(PEt3),(CO),. Facile loss of the
P(¢t-Bu),Ph ligand is no doubt driven by release of steric
strain. The formation of trans-Pt(PEt;),H(OMe), 3, when
1 is irradiated in methanol, is particularly significant.
Bulkier PtL, complexes [ = P(i-Pr);, P(c-Hx);, P(¢-

(15) Abis, L.; Sen, A.; Halpern, J. J. Am. Chem. Soc. 1978, 100,
2915-2916.





770 Organometallics, Vol. 1, No. 5, 1982

Scheme I1I
Pt(PEt,),L,
L n
PEt, 2
. CO 2
ZeoHe  C,F, 1
Pt{PEt3)2(CaHa)
2 X-Y
~CoH,
Pt(PEt,),XY
X Y geom
H H trans, cis
Et,Si H cis
Me Cl trans
Me 1 trans

Bu),Ph] react with methanol to yield ¢trans-PtL,H,, pre-
sumably via 8-hydrogen elimination from an intermediate
PtL,H(OMe) complex and release of formaldehyde.?
Complex 3 is the first example of a PtL,H(OMe) complex
that is directly observed. The formation of 3 exemplifies
the ability of 1 to produce the Pt(PEt;), species in the
absence of strongly competing ligands. In contrast, Pt-
(PEty); reacts with methanol to yield [Pt(PEt,);H][Me0],?
while Pt(PEty),(C,H,) is inert to methanol (see below).

The yields of the photoreactions in Scheme I, as mea-
sured by NMR spectroscopy, are affected by the absorp-
tion characteristics, photosensitivity, and thermal stability
of the products. The conversion yield (% of 1 consumed)
is a function of irradiation time and light intensity and
generally approaches 80-100% upon prolonged irradia-
tion.!® The product yield, which we define as the yield
based on the amount of 1 reacted, is highest for those
products which are photochemically and thermally stable
under the photolysis conditions, and decreases otherwise.
For example, trans-Pt(PEt;),MeCl is photosensitive; al-
though it forms cleanly in the early stages of the reaction,
UV irradiation gradually converts it to other products.
The previously unreported complex Pt(PEt;),(C,F,) was
prepared photochemically from 1 and isolated as an ana-
lytically pure solid!® in 55% yield.

We have found complex 1 to be convenient for the
preparation of the labile ethylene complex Pt(PEt,),-
(C;Hy), 2. This reaction traps the reactive Pt(PEt,),
fragment in a stable adduct which can be isolated and from

(16) The rate of conversion of 1 decreases with increasing irradiation
time (at constant incident light intensity) as the products formed compete
with 1 for absorption of the incident irradiation. This behavior can be
seen, for example, in Figure 1.

Communications

which ethylene is readily displaced to yield compounds
containing the Pt(PEt;), moiety. This procedure circum-
vents the problem of product photodecomposition. Fur-
thermore, reactions of the highly soluble ethylene complex
can be carried out in a range of solvents. In a typical
preparation of 2, an ethylene-saturated solution of 1 in
equal volumes of deaerated acetonitrile and benzene is
irradiated in a quartz Schlenk tube for 8 h, after which
time approximately 80-90% conversion of 1 to 2 is ob-
served. (Further conversion of 1 is very slow at this point,
because 2 now absorbs almost all the UV irradiation.)
Complex 2 is an air-sensitive liquid (mp <-20 °C), and we
have been unable to isolate analytically pure samples;
however, for many purposes, isolation of 2 is not necessary.
For example, addition of RX (e.g., RX = MeCl, Mel)
cleanly produces trans-Pt(PEt;),MeX, which can then be
isolated. Alternatively, because 2 reacts reversibly with
hydrogen to form Pt(PEt;),H,, 4, we have found it con-
venient to convert 2 to 4 under a stream of hydrogen in
n-hexane solution, from which 4 can be isolated as an
analytically pure crystalline solid.'” Complex 2 can then
be regenerated quantitatively in situ by simply treating
solutions of 4 with a stream of ethylene.'® Reactions of
2 are summarized in Scheme II; spectroscopic yields are
quantitative based on 2.

Although 1 and 2 are both precursors to compounds
containing the Pt(PEt;), fragment, their reactions can be
quite different, and the choice of which reagent to use to
prepare a particular complex will vary. As described above,
use of 2 circumvents the problem of secondary photolysis
and allows a wider range of solvents to be employed.
Complex 1, however, provides the more reactive, “ligand-
free” source of Pt(PEtg),. Thus, for example, methanol
readily adds to the highly reactive Pt(PEty), species formed
photochemically from 1, whereas 2 is inert to alcohols.
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(17) Although 2 is very soluble in n-hexane, the oily residue of impure
2 that forms after removal of solvent only partially dissolves in n-hexane.
The impurities are probably acetonitrile and traces of water. We have
found that stirring this residue in n-hexane under ethylene in the pres-
ence of lithium aluminum hydride for 4-8 h leads to complete extraction
of 2 into solution, presumably as LiAlH, scavenges the impurities. This
solution is then filtered through Celite. Hydrogen is bubbled through the
solution for 0.5 h to produce 4, which can be obtained as crystals by
cooling to —30 °C. Pure complex 4 can be recrystallized in 35% yield
(based on 1) from n-hexane and is stable under hydrogen.!®

(18) The preparation and properties of cis- and trans-Pt(PEty),H,
have been described: Paonessa, R. S.; Trogler, W. C. J. Am. Chem. Soc.
1982, 104, 1138-1140.





