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mixture. The oligomeric product 18 is most probably the 
insoluble residue of the reaction mixture; its further 
characterization is in progress. The formation of 18 would 
be of a certain importance since it is likely a functionalized 
CO oligomer derivative. 

The formation of hydrocarbons RH (8) and R-R after 
the protolysis of the reaction mixtures results from the 
presence of unchanged R-M bonds. It should be noted 
that (at least formally) reductive elimination of the R-R 
species in the protolytic cleavage of tetrabenzyl-transi- 
tion-metal derivatives has been reported by one of us.z7 

There is a distinct difference in the behavior of tetra- 
1-norbornyl derivatives If and l g  with respect to aryl- 
methyl compounds la-e. In the case of If no reaction with 
CO has been observed within several days. This finding 
is in agreement with the observationz0 that other polar 
molecules, such as hydrogen halides or alcohols, react with 
the sterically shielded titanium atom in If only very slowly 
or not a t  all. By contrast, the sterically less hindered Zr 
derivative l g  reacts readily with CO and the product of 
the primary reaction (ketone 4g) could be detected. The 
dinorbornyl ketone seems, however, to be too bulky to 
attack lg while, however, reaction products (Scheme 111) 
of the alkyl-acyl intermediate 3g with lg (i.e. alcohol 14 
and ketone 17) could be detected. 

It can be concluded that tetraorganyls of Ti, Zr, and Hf 
react readily with CO if the metal is not too shielded 
sterically. The primary reactions lead to the formation of 
symmetrical ketones. Subsequent reactions of these ke- 
tones and acyl metal type intermediates with the starting 
tetraorganyls provide secondary alcohols, asymmetric ke- 
tones, and trisubstituted ethylene derivatives. The reac- 
tions deduced from distribution of the organic products 
resemble more the reactivity of main-group organo- 
metallics (especially Lizz) than that of l&e-transition-metal 
organyls.lsf@ This difference should be attributed mostly 

(27) Thiele, K.-H.; Kohler, E.; Adler, B. J. O&anomet. Chem. 1973, 
50, 153. 
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to (i) the high number of alkyl groups in the R4M com- 
pounds, (ii) the oxophilic n a t ~ r e ~ ~ , ~ , ~ ~ , ~ ~ , ~ j , ~ ~ ~  of the group 
IVB (4) transition metals, and (iii) the well-documented 
possibility of the formation of M-0-C-M moieties in the 
CO-derived chemistry of these 
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Calcium atoms inserted into C-H bonds of aromatic rings in benzene, alkylbenzenes, phenyltrimethylsilane, 
and xylenes to give the corresponding arylcalcium hydrides. Arylcalcium hydrides reacted with tri- 
methylchlorosilane to give aryltrimethylsilanes and the reduced product (trimethylsilane). Trimethyl- 
silyl-substituted positions on aromatic rings of the aromatic compounds reflected the spin densities on 
the aromatic rings in the aromatic compound anion radicals. The aromatic compound anion radicals 
generated by the reactions of calcium atoms with aromatic compound vapors were also detected by ESR. 
Arylcalcium hydrides reacted with various organic substances to give aryl-substituted substrates and reduced 
substrates. 

Introduction 
The study of a metal-vapor reaction has been of con- 

siderable interest in organometallic chemistry and organic 
With these 

methods, it is proving feasible to synthesize organometallic 
compounds which would be difficult, if not impossible, to 

(2) For example: (a) Blackborow, J. R. Metal Vapor Synthesis in 
Organometallic Chemistry; Springer-Verlag: New York, 1979. Klabunde, 
K. J. Chemistry of Free A toms  and Particles; Academic: New York, 
1980. Klabunde, K. J. Reactive Intermediates; Abramovitch, R. A., Ed.; 
Plenum: New York, 1980, Chapter 2. 

synthesis during the last few decades.z 

(1) Preliminary results of this study see: Mochida, K.; Takeuchi, H.; 
Hiraga, Y.; Ogawa, H. Chem. Let t .  1984, 1989. 
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prepare by other methods and to study their reactive in- 
termediates. 

Activation of the C-H bond by metal atoms (or clusters) 
is especially an area of intense research activity.*~~ In 
studying the reaction of calcium atoms in the condensed 
phase, we have found that calcium atoms insert into the 
C-H bonds of aromatic rings in aromatic compounds. 

In this paper, we first describe the formation and 
mechanism of arylcalcium hydrides produced from the 
reactions of calcium atoms with aromatic compound vapors 
since they appear to be unique in the literature of organic 
compounds. 

Results and Discussion 
Activation of the C-H Bonds of the Phenyl Ring 

Using Calcium Atoms. Calcium atoms were generated 
by evaporation from a tungsten filament using essentially 
the same apparatus and conditions as have been described 
in the literature (ca. 900 "C, 5 x Torr, 1 Torr = 133.322 
Pa).l*ps Calcium metal was evaporated at  a rate of ca. 
20 mg min-' while an excess of benzene was cocondensed 
on the walls of a quartz reaction flask containing the 
crucible and a perforated inlet tube through which benzene 
was introduced. The reaction flask was immersed in liquid 
nitrogen during the calcium evaporation. The color of 
cocondensation product of calcium atoms and benzene 
vapor at 77 K is green. After the calcium evaporation and 
introduction of benzene was completed, the reaction flask 
was warmed to room temperature. The cocondensation 
product of calcium atoms and benzene vapor turns black. 
The excess benzene was pumped off, leaving a black solid 
that was very reactive and decomposed rapidly in the 
atmosphere. The black solid produced from the cocon- 
densation of calcium atoms with benzene can be safely 
assigned to a new organometallic compound, phenyl- 
calcium hydride, for the following reasons. (1) The black 
solid was dissolved in a dried tetrahydrofuran (THF) under 
an argon atmosphere, and the NMR spectrum was 
recorded immediately afterward. The 'H NMR spectrum 
of the black solid consisted of a singlet at 6 0.2 (ca. 1 H) 
and a multiplet a t  6 7.4 (ca. 5 H). Nicol and Waugham 
have reported that IH NMR spectrum of CaH, exhibits 
a singlet at 6 -4.5 f 3.0.9 Perhaps a difference in the C-H 
chemical shifts between PhCaH and CaHz compounds may 
be due to a shielding effect of the phenyl ring of PhCaH. 
(2) The black solid reacted with DzO and trimethyl- 
chlorosilane (Me3SiC1) in THF at room temperature under 
an argon atmosphere for 1 h to give benzene-dl, phenyl- 
trimethylsilane (6.1%), and trimethylsilane (8.1 %), re- 
spectively (eq 1 and 2). Other products could not be 
detected. Thus, this black solid (phenylcalcium hydride) 
is a mild agent for both phenylation and reduction as 
shown in eq 2. Phenylcalcium halides are known to react 
easily with Me,SiCl and to produce phenyltrimethylsilane.' 
Although organometal hydrides and metal complex hy- 
drides have been known to be reducing agents, there is no 
report on reduction of organic halides with organocalcium 
hydrides. (3) The cocondensation product formed by the 

Organometallics, Vol. 6, No. 11, 1987 Mochida et al. 

(3) Billups, W. E.; Konarski, M. M.; Hauge, R. H.; Margrave, J. L. J. 
Am. Chem. SOC. 1980,102,3650. Billups, W. E.; Konarski, M. M.; Hauge, 
R. H.; Margrave, J. L. J .  Am. Chem. SOC. 1980, 102, 7393. 

(4) Anderson, B. B.; Behrens, C.; Radonovich, L. J.; Klabunde, K. J. 
J. Am. Chem. SOC. 1976, 98, 5390. 

(5) Gastinger, R. G.; Anderson, B. B.; Klabunde, K. J. J .  Am. Chem. 
S O C .  1980,102,4959. 

(6) Klabunde, K. J.; Anderson, B. B.; Bader, M. Inorg. Synth. 1979, 
19, 72. 

(7) Mochida, K.; Ogawa, H. J. Organomet. Chem. 1983, 243, 131. 
(8) Mochida, K.; Manishi, M. Chem. Let t .  1984, 1077. 
(9) Nicol, A. T.; Vaugham, R. W. J. Chem. Phys. 1978, 69, 5211. 

reaction of calcium atoms with benzene-d, vapor also re- 
acted with Me,SiCl under the same conditions as eq 2 to 
give (phenyl-d,)trimethylsilane (6.0%) and trimethyl- 
deuteriosilane (7.5%). These deuteriated products were 
identified with a GC-MS spectrometer. 

The yields of phenyltrimethylsilane and trimethylsilane 
are low. The yields of these products formed by the re- 
action of calcium atoms and benzene vapor with Me3SiC1 
were determined on the basis of the calcium metal con- 
sumed by supposing that the calcium metal except for the 
calcium metal that remained in the crucible completely 
reacted with the benzene vapor. Therefore, by taking into 
consideration that phenylcalcium hydride includes the 
unreacted calcium metal, the yields of products may be 
underestimated. In fact, the yields of products are high 
(-85%) on the basis of the amount of benzene consumed. 
Unreacted benzene was removed by pumping, and the 
amount of benzene that reacted was calculated by GLC 
with an internal standard method. 

Reactions of Calcium Atom, Substituted Benzene 
Vapor Products (ArCaH) with Trimethylchloro- 
silane. In order to gain evidence for the mechanism of 
insertion into C-H bonds of the aromatic rings with cal- 
cium atoms, the reaction products (ArCaH) formed by the 
reactions of calcium atoms with substituted benzene vapors 
were treated with Me3SiC1. These results are summarized 
in Table I. As shown in Table I, the reaction products 
of calcium atoms and toluene, ethylbenzene, isopropyl- 
benzene, and tert-butylbenzene vapors when treated with 
Me,SiCl gave m-(trimethylsily1)-substituted alkylbenzenes 
and trimethylsilane as main products. 0- and p-(tri- 
methylsily1)-substituted alkylbenzenes were also formed 
as minor products. The yields of o-(trimethylsily1)-sub- 
stituted products decreased upon extending the length of 
alkyl side chains, whereas paraproducts increased. On the 
other hand, the reaction products of calcium atoms and 
phenyltrimethylsilane vapor when treated with Me,SiCl 
gave p-bis(trimethylsily1)benzene and trimethylsilane 
mainly. m-Bis(trimethylsily1)benzene was formed as a 
minor product. Calcium atoms and o-, m-, and p-xylene 
vapor products reacted with Me3SiC1 to give trimethyl- 
silyl-substituted xylenes, (trimethylsilyl)methyltoluenes, 
and trimethylsilane. 

Spectroscopic data for anion radicals of alkylbenzenes, 
phenyltrimethylsilane, and xylenes used in this study have 
been extensively studied by ESR.'+l* It appears that the 
position of calcium atom attack may be influenced by 
unpaired spin density. If this is true, we suggest that the 
reaction sequence may be (1) electron transfer to form a 
Ca+ arenee- and (2) attack of the Ca+ on the most elec- 
tron-rich site. Thus, selective insertion of calcium atoms 
into C-H bonds may depend upon spin densities on the 
aromatic compound anion radicals. 

(10) Jones, M. T.; Kuechler, T. G.; Metz, S. J.  Mag. Reson. 1973, 10, 

(11) Jones, M. T.; Metz, S.; Kuechler, T. C. Mol. Phys. 1977,33, 717. 
(12) Bedford, J. A.; Bolton, J. R.; Carrington, A.; Princem, R. H. 

149. 

Trans.  Faraday SOC. 1963,59, 53. 
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Table I. Reactions of Calcium Atom, Substituted Benzene Vapor Products with Trimethylchlorosilanea 
products (yield/ % *) compd 

Me3SiH 

( 2 . 6 )  ( 7 . 2 )  (14.0) 

( 2 . 5 )  (15.7) 

( 2 . 3 )  (15.9) 

Me3SiH 

(trace) (18.0) 

O i - P r  Me3SiH 

(0.3) (16.7) 

Me3SiH 

(trace) (16.0) ( 2 . 2 )  (17.6) 

o S i M e 3  

( 2 . 2 )  

d M e  Me 

Me3SiH 

(12.0) 

Me3SiH 

( 2 . 7 )  ( 2 . 7 )  (1.8) (21.0) 

dy Me3SiH 4. MI 4 ( 1 . 5 )  6' (9 .5 )  Me ( 1 . 1 )  Me (21.0) 

M e e M e  M O O M I  M o G C H ~ S Y J . I  Me3SiH 

(23.9) ( 4 . 5 )  (37.0) 

Reactions were performed at  room temperature for 1 h. Yields of products were based on the calcium metal consumed. 0 = Me3Si 
group on aromatic rings. 

C-H bonds of arenes are activated by calcium atoms 
rather than by clusters since the colors of the coconden- 
sation products of calcium atoms and arene vapors at 77 
K are green to blue, probably due to charge-transfer com- 
plexes or anion radicals of arenes; depending upon the 
arenes used, activation of C-H bonds of arenes could 
proceed only in such c m s  under these reaction conditions. 
However, activation of C-H bonds by clusters are not 
always ~ndeniab1e.l~ 
ESR Measurements. In order to observe directly the 

anion radicals of aromatic compounds as reactive inter- 
mediates as mentioned above, ESR studies on the cocon- 
densation products of calcium atoms and substituted 
benzene vapors were carried 0 ~ t . l ~  Calcium atom matrix 
ESR measurements were performed on the degassed so- 
lutions at cryogenetic temperture in the solid matrix. The 
calcium atom matrix ESR apparatus and measurements 
were published e1~ewhere.l~ 

The ESR spectra of the cocondensation products were 
poorly resolved probably because of the high concentra- 
tions of reaction intermediates or matrix conditions. 
However, these ESR signals could safely be assigned to 
anion radicals of the corresponding substituted benzenes 
by comparison with the reported ESR data and by com- 
puter simulations. As a typical example, Figure 1 shows 
the ESR spectrum of the product formed by the reaction 

(13) We thank the reviewers for the constructive criticism on this 

(14) Mochida, K.; Mizuno, Y. Chem. Lett. 1986, 1125. Mochida, K.; 
point. 

Mizuno, Y. Bull. Chem. SOC. Jpn.  1987,60, 273. 

Figure 1. (a) The observed ESR spectrum of the calcium atom, 
benzene vapor product at -60 "C. (b) Computer-simulated 
spectrum using Lorentzian line shape and a line width of 0.39 
mT. 

of calcium atoms with benzene vapor (aH = 0.35 mT and 
line width = 0.39 mT). 

In this ESR experiment, anion radicals of substituted 
benzenes were confirmed by ESR to be reactive interme- 
diates. 

Reactions of the Calcium Atom, Benzene Vapor 
Product PhCaH with Organic Substrates. Phenyl- 
calcium hydride produced by the reaction of calcium atoms 
with benzene vapor are expected to act as both phenyl- 
calcium halides and metal hydrides. So, we carried out 
reactions of the calcium atom, benzene vapor product 
PhCaH with organic halides, carbonyl compounds, nitriles, 
and esters. The reactions in THF proceeded smoothly at  
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Table 11. Reactions of the Calcium Atom, Benzene Vapor Product PhCaH with Organic Substratesa 
run substrate products (re1 ratio) yield/ % * 

Ar-X ArC6H5/ArH 
1 o-MeC6H4F o-MeCGH4C6H5/MeC6H5 (7/93) 10.7 
2 m-MeC6H4F m-MeC6H4C6H5/MeC6H5 (27/73) 15.3 

4 o-MeC6H4Cl o-MeC6H4C6H5/MeC6H5 (0/100) 16.0 
5 m-MeC6H4C1 m-MeC6H4C6H5/MeC6H5 (10/90) 26.9, 90.OC 
6 p-MeC6H4C1 p-MeC6H4C6H5/MeC6H5 (6/94) 15.7 

3 p-MeC6H4F p-MeC6H4C6H5/MeC6H5 (6/94) 19.8 

7 m-MeC&Br m-MeC6H4C6H5/MeC6H5 (10/90) 8.1 

8 EtBr EtCsHe/EtH (100/0) 4.9 
R-X RCGH,/RH 

9 n-BuBr n-BuC6H5/n-BuH (50/50) 4.0 
10 t-BuC1 t-BuC&H,/t-BuH (76/24) 21.4 
11 Me3SiC1 Me3SiC6H5/Me3SiH (43/57) 14.2, 85.0' 
12d Me3SiC1 Me3SiC6D5/Me3SiD (45/55) 14.5 

1 4d Et,SiCl Et3SiC6D5/Et3SiD (40/60) 7.0 

15 Me2C0 Me2C6H5COH/MezCHOH (75/25) 14.5, 100c 
16 MeEtCO MeEtC6H5COH/MeEtCHOH (60/40) 18.4, looc 
17d MeEtCO MeEtC6D5COH/MeEtCDOH (60/30)' 17.0 
18 EtzCO Et&jH,COH/Et2CHOH (45/55) 29.3 
19 CGHSCHO (C~H~)ZCHOH/C~H&H~OH (23/77) 30.0 
20d CeH5CHO C6H5(C6D5)CHOH/C6H5CHzOH (20/80)f 25.0 

21 MeCN C6H5COMe (100) 6.2 
22 EtCN CeH5COEt (100) 5.6 
23 C6H5CN C B H ~ C O C ~ H ~  (100) 3.2 

13 Et3SiC1 Et3SiC6H5/Et3SiH (40/60) 8.0 

RR'CO RR'C6H&COH/RR'CHOH 

R-CN CsH5COR 

RCOOR' CGH~COR 
24 HCOzMe C&,CHO (100) 4.4 
25 HCOzEt C&,CHO (100) 5.9 
26 MeCOzMe C6H5COMe (100) 3.0 
27 MeC0,Et C6H5COMe (100) 6.4 

"Reactions were performed at  room temperature for 1 h. bYields of products were based on the calcium metal consumed on the as- 
sumption that calcium atom, benzene vapor products reacted with organic substrates to give reduced and phenyl-substituted products 
individually. CYields of products were based on the amount of benzene consumed. dCalcium atom, benzene-d6 vapor product was used. 
' MeEtCHOH was also formed. 'No C6H5CHDOH was formed. 

room temperature under an argon atmosphere. These 
results are summarized in Table 11. The calcium atom, 
benzene vapor product reacted with tolyl halides to give 
toluene predominantly and methylbiphenyl as the minor 
product (runs 1-7). The yields of the products shown in 
Table I1 were almost constant regardless of the nature of 
the halogen and the position of the methyl group on the 
phenyl group. The reactions of a calcium atom, benzene 
vapor product with alkyl halides or chlorosilanes gave 
alkylbenzenes and alkanes or phenylsilanes and hydro- 
silanes, respectively (runs 8-14). The relative ratios of 
alkylbenzenes to alkanes and phenylsilanes to hydrosilanes 
except for ethyl bromide are almost same. With ethyl 
bromide, a calcium atom, benzene vapor product gave 
ethylbenzene exclusively. The reactions of a calcium atom, 
benzene-d, vapor product with chlorosilanes gave (phe- 
nyl-dJsilanes and deuteriosilanes (runs 12 and 14). Above 
90% of the hydrosilanes contained deuterium in these 
reactions. 

A calcium atom, benzene vapor product also reacted 
with carbonyl compounds to give two kinds of alcohol as 
expected (runs 15-20). The reaction of a calcium atom, 
benzene-d6 vapor product with 2-butanone gave 2- 
methyl-2-(phenyl-d5)propanol and deuteriated 2-butanol 
(run 17). About 75% of 2-butanol contained deuterium. 
With benzaldehyde, a calcium atom, benzene vapor 
product gave diphenylmethanol and benzyl alcohol (runs 
19 and 20). Benzyl alcohol did not contain any deuterium 
from the reaction of a calcium atom, benzene-d6 product 
with benzaldehyde. Benzyl alcohol may be formed by 
proton abstraction from unreacted benzaldehyde with the 
intermediate ketyl. 

A calcium atom, benzene vapor product reacted with 
nitriles to give the corresponding ketones (runs 21-23). 

With esters, a calcium atom, benzene vapor product also 
gave the corresponding ketones (runs 24-27). The ex- 
pected alcohol could not be detected. 

Although the yields of products are low, a calcium atom, 
benzene vapor product (PhCaH) is a very useful reagent 
for phenylation and reduction. 

Conclusions 
Calcium atoms first inserted into C-H bonds of aromatic 

rings to give the corresponding arylcalcium hydrides. The 
arylcalcium hydrides formed were very useful reagents in 
organic synthesis. 

Experimental Section 
'H NMR spectra were recorded on a Varian FT 80A, with 

tetramethylsilane as an internal standard. GC-MS spectra were 
obtained on a JEOL JMS-DX 303 mass spectrometer. Infrared 
spectra were recorded on a Hitachi 260-10 spectrometer. Gas 
chromatography1 was performed on a Shimazu GC-6A and 8A 
with 2-m 20% SE-30 and 2-m 30% Apiezon L columns. 

Materials. Calcium metal (granules, 99% pure, Wako chem- 
ical), organic halides, and other chemicals were commerically 
available. THF and aromatic compounds were distilled from 
benzophenone ketyl immediately prior to use. o-MeC6H4SiMe3 
(bp 95 "C (25 mmHg)),15 m-MeC6H4SiMe3 (bp 92-94 "C (25 
mmHg)),16 o-EtC6H,SiMe3 (bp 95-100 "C (23 mmHg)),I7 m- 
EtC6H4SiMe3 (bp 94-96 "C (22 mmHg)),'* p-EtCGH4SiMe3 (bp 
96-100 "C (22 mmHg))," m-Me2CHC6H4SiMe3 (bp 95 "C (15 
mrnHg)),l8 p-MezCHC6H4SiMe3 (bp 126-130 "C (40 mmHg)),lg 

(15) Freiser, H.; Eagle, M. V.; Speier, J. L. J .  Am. Chem. SOC. 1953, 
75. 2821. - ,  ~ - ~ -  

(16) Clark, H. A.; Gordon, A. F.; Young, C. W.; Hunter, M. J. J. Am. 

(17) Severson, R. G.; Rosscup, R. G. J .  Am. Chem. SOC. 1954, 76,4552. 
(18) Benkeser, R. A.; Hickner, R. a.; Hoke, D. I. J .  Am. Chem. SOC. 
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Activation of C-H Bonds of Aromatic Rings Using Ca Atoms 

o-Me3CC6H4SiMe3 (bp 85 "C (6 rnmHg)):O m-Me3CC6H4SiMe3 
(bp 84-87 "C (5 mmHg)),1sp-Me3CC6H4SiMe3 (mp 77-79 OC)," 
1,3-(Me3Si)2C6H4 (bp 112-114 "c (22 mmHg)),16 1,4-(Me3Si)zC6H4 
(bp 135 OC 20 mmHg)),21 o-MeC6H4CHzSiMe3 (bp 90-100 "c 14 
mmH)),22 p-MeC6H4CHzSiMe3 (bp 50-60 "C (3 mmHg)),23 (2,3- 
Me2C6H3)SiMe3 (bp 75-86 OC (3 mmHg)),24 (2,4-Me2C6H3)SiMe3 
(bp 75-82 "C (3 mmHg)),24and (2,5-Me2C6H3)SiMe3 (bp 93-96 
"C 15 mmHg))% were prepared as described in the cited references. 

o-Me2CHC6H4SiMe3 was isolated from the reaction products 
of Ca atoms and cumene vapor with Me3SiC1 by a preparative 
gas chromatography (5-m 30% Apiezon L column) and identified 
with 'H NMR, IR, and GC-MASS spectroscopy: 'H NMR 
(CDC13) 0.24 (8, 9 H), 1.27 (d, 6 H), 2.70 spm (sept, 1 h), 7.1 (s, 
4 H); IR (neat) 1250 cm-'; M+ 192. 

Reaction of Calcium Atoms with Benzene Vapor. Calcium 
atoms were produced by using essentially the same apparatus and 
conditions as described in  literature^.^-^ Calcium metal (0.3 g, 
7.5 mmol) was vaporized at a temperature of 900-1OOO OC by using 
a resistively heated, alumina-coated tungsten spiral crucible a t  
4.0-5.0 V, 15 A, which was connected to copper electrodes, in vacuo 
(ca. 5 X Torr, 1 Torr = 133.322 Pa) a t  a rate of ca. 20 mg 
min-'. During vaporization of the calcium metal, benzene (8 mL, 
90 mmol) was cocondensed on the walls of a quartz reaction flask 
containing the tungsten crudible and a perforated inlet tube 
through which benzene was introduced as vapor. The crucible 
was maintained at  9OC-1000 OC and the reaction flask immersed 
in liquid nitrogen during calcium vaporization and introduction 
of benzene. The initial product a t  77 K was a green solid. After 
calcium vaporization and introduction of benzene were completed, 
the reaction flask was warmed to room temperature. The excess 
benzene was pumped off, leaving a black solid. The black solid 
thus prepared was very sensitive to oxygen ttnd moisture. 

Reactions of Calcium Atoms and Substi tuted Benzene 
Vapors wi th  Trimethylchlorosilane. As a typical example, 
the reaction of calcium atoms and benzene vapor with tri- 
methylchlorosilane is described. A calcium atom, benzene vapor 
product a t  77 K was prepared as described above. The reaction 
vessel was allowed to warm to 0 "C, and then, an excess of tri- 
methylchlorosilane was introduced as a vapor into the reaction 
flask. The reaction flask containing calcium atoms and benzene 
vapor with trimethylchlorosilane was warmed to room temperature 
and left to stand for 1 h. After removal of the reaction flask from 
a vacuum line, the reaction mixture was hydrolyzed with water 
slowly. The organic layer was extracted with ether. Phenyltri- 
methylsilane (6.1%) and trimethylsilane (8.1%) were formed. The 
yields of products were based on the calcium metal consumed. 
All products were isolated by preparative GLC and identified by 
comparing their IR, NMR, and GC-MS spectra and retention 
times on GLC with those of authentic samples. 
ESR Measurements. As a typical experiment, the reaction 

of calcium atoms with benzene vapor is described. Calcium metal 
(0.15 g, 3.7 mmol) was vaporized at  a temperature of ca. 900 "C 
by using a filament of tungsten in vacuo (ca. 5 X Torr) a t  
a rate of ca. 20 mg m i d .  During the vaporization of calcium 
metal, benzene (4 mL, 45 mmol) was introduced as a vapor. The 

(19) Eaborn, C. J. Chern. SOC. 1956, 4858. 
(20) Eaborn, C.; Walton, D. R. M.; Young, D. J. J.  Chern. SOC. B 1969, 

(21) Petrov, A. D.; Chernyshev, E. A.; Guan-lian, L. Dokl. Akad. Nauk 

(22) Klein, J.; Medlik, A.; Meyer, A. Y. Tetrahedron 1976, 32, 51. 
(23) Chan-li, Gu.; Leonova, N. A.; Nametkin, N. S.; Topchiev, A. V.; 

15. 

SSSR 1960, 132, 1099. 

Bazilevich. V. V. Chem. Abstr. 1960.54. 17026. 
(24) Benkeser, R. A.; Krysiak, H. R. J.'Arn. Chern. SOC. 1954, 76,6353. 
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calcium atom, benzene vapor product cocondensed on the 
stainless-steel drum filled with liquid nitrogen. The product of 
calcium atoms and benzene vapor at 77 K was transferred to the 
ESR tube by using a scratching bar. ESR spectra were taken on 
a Varian E-109 E spectrometer a t  low temperatures. The details 
of the calcium atom matrix ESR apparatus and measurements 
were published e1~ewhere.l~ 

Reactions of the  Calcium Atom, Benzene Vapor Product 
PhCaH with Organic Substrates.  As a typical example, the 
reaction of a calcium atom, benzene vapor product with acetone 
is described. A calcium atom, benzene vapor product at 77 K was 
prepared as described above. After warmup to 0 OC, it turned 
black. The excess benzene was pumped off, leaving a black solid. 
The vessel wm filled with argon, and then the product was isolated 
from the vacuum pump. The calcium atom, benzene vapor 
product PhCaH was weighed in an argon-filled glovebox. The 
calcium atom, benzene vapor product containing unreacted 
calcium metals was transferred to two-necked 50-mL flask 
equipped with a serum cap and a reflux condenser. Then, THF 
(20 mL) and acetone (2 g, 34 mmol) were syringed in. The reaction 
mixture was stirred at  room temperature for 1 h under argon. 
After hydrolysis of the reaction mixture with water, the organic 
layer was extracted with ether. l-Methyl-l-phenylethanol(10.9%) 
and 2-propanol (3.6%) were produced on the basis of calcium 
metal consumed. All products were isolated by preparative GLC 
and identified by comparing their IR, NMR, and GC-MS and 
their retention times on GLC with those of authentic samples. 
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