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We obtained the new complexes, Fe[?74-R,Rf-TPSCp](CO)3(R,R^-TPSCp - 1,1-disubstituted 2,3,4,5-Tetraphenyl-l-Silacy- 
clopenta-2,4-diene; R = Ph, R' = C1, R = R; = Cl) from the reaction of the corresponding R,R'-TPSCp with ironpentacarbonyl 
under reflux in toluene. Also, the analogous complexes with R 드 R‘ 그 Me and R = Me,R' = Cl were obtained in an identical 
manner. We have determined the crystal structure of Fe[Ph(Cl)-TPSCp](CO)3 by using Mo ka, k= 0.71069A, where the unit 
cell was found to be monocline with a = 9.042 (6)A, b = 19.870 (9)A, c = 17.426 (9)A and 96.28(4) The butadiene moie­
ty of TPSCp ring is planar and the dihederal angle of the butadiene plane and C4-Si-C25 plane was opened up to 41.8°. The 
C-C distances in the butadiene moiety were found to be 1.4346,1.462, and 1.440 A, respectively, it may be said that the four 
it - electrons are delocalized over the four carbons in five membered ring through coordination with ironcarbonyl. In this 
complex Fe is either in distorted tetrahedron environment with the centroid of the four C-atom butadiene moiety and three 
carbons of the three carbonyls or in distorted square-pyramidal environment with two midpoints of double bonds of the buta­
diene moiety and two carbons of carbonyl defining the base of the pyramid and the carbon of remaining carbonyl the apex.

Introduction

The reaction of l-silacyclopenta-2,4-diene with transition 
metal carbonyls is of our interest because it gives V 4-silacy- 
clopenta-2,4-diene complexes which may be converted to 
가5-silacyclopentadienyl complexes. Metal carbonyl com­
plexes of 1,l-diorgano-2,5-diphenyl15 and l,l-diorgano-3,4- 
dimethyl-l-silacyclopenta-2,4-diene6'8 have been studied 
rather extensively, whereas studies for the metal carbonyl 
complexes of 1-functionally substituted 2,3,4,5-tetraphenyl- 
l-silacyclopenta-2,4-diene(RR'-TPSCp) are scarce in litera­
ture9, 10. In this report we describe the direct synthesis of 
Fe[RR，・TPSC미(CO)3(R = Ph, R' = C1:R = R' = Cl) and the 
crystal structure of Fe[Ph(Cl)-TPSCp](CO)3.

Results and Discussion

Most of the ^^complexes of 1,1-diorgano TPSCp were 
synthesized from the reactions of the corresponding TPSCp 
with diironnonacarbonyl or triirondodecacarbonyl in benzene 
or toluene at 60-100 °C, whereas with ironpentacarbonyl the 
synthesis was reported to be successful only under the ex­
treme reaction conditions such as at 180-200 °C in benzene 
(sealed tube), but unsuccessful at temperature below 150 °C.9 
In contrast to TPSCp, it was reported that l,Ldiorgano-2,5- 
dipheny 1- l-silacyclopenta-2,4-diene irontricarbonyls1 were 
obtained in the reactions with diironnonacarbonyl or triiron­
dodecacarbonyl in benzene at 40-80 °C, and also with iron­
pentacarbonyl in benzene at 130-140 °C. Therefore, it was 
believed that TPSCp was too inert to form complexes direc­
tly with ironpentacarbonyl under mild reaction conditions.1 
There have been a few iron-carbonyl complexes of TPSCp 
which were prepared either indirectly through stepwise 
substitution at silicon by using 1,1-diorgano TPSCp irontri­
carbonyls11 or photochemically from the corresponding 
TPSCp with ironpentacarbonyl.12

However, it is known that the crystal structures of 1,1-di- 

methyl-2,5-diphenyl-l-silacyclopenta-2,4-diene13 and l(l-di- 
methyl-TPSCp14 are almost planar. Therefore, it is some­
what unexpected that the TPSCp is inert in reactivity toward 
於-complex formation with transition metal carbonyls.

In fact, our investigation provides that 1,1-disubstituted 
TPSCp are not inert, but rather active enough to form 门七 
complexes directly with ironpentacarbonyl under reflux in 
toluene. We could synthesize the new complexes of Fe[RRf- 
TPSCp](CO)3 (R = Ph, R' = Cl and R = R J Cl) in good yield. 
The known complexes with R = R' = Me and R = Me, 
R' = Cl were also obtained in an identical manner in 사lis 
study, although it was reported1,9 that these compounds 
could be unable to be obtained under this reaction conditions.

R*(exo)
阳 I

Toluene Ph Si
+ Fe(C0)5 ----------- > 7^X1/、R(endo)-2C0, reflux Ph A | Ph

Fe(C0)3

I II

a R=C1, R'=Ph
b R=Rf=Cl
c R=R'=CHa
d R=CH3, R,=C1

a R=C1, 히=Ph
b R=R* =C1
c R=R'^CH3
d R=CHa, 
d*R=Cl, Rr=CHa

Although the reaction products lie and lid, lid' isomers 
could be identified by the known chemical shifts in 】H-NMR, 
it was impossible to identify the configuration of Ila in an 
identical manner. Thus, the crystal structure of Ila was de­
termined, and it was found that the bulky phenyl group at 
silicon was in an exo position as expected.

We now present the crystal data of Ila. X-ray data were 
collected on a Nicolet R3w/ m four-circle automatic diffrac- 
toftieter equipped with a pulse-height analyzer and a graphite
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Table 1. Crystal Data

formula C37H25O3ClSiFe
mo. wt, g m이-1 637.00
crystal size, mm (0.42 x 0.33 x 0.30)mm
入(MoK”), A 0.71069
fl, A 9.042(6)
bfk 19.870(9)
c, A 17.426(9)

deg 96.28(4)
KA3 3112(3)

space group P2i/n
Z 4

g cm-3 1.36
R000), e- 1312
temp, K 297
scan type 6120
scan range 2° + dispersion
scan speed, deg min-1 variable between 4 and 29.3
2Grange, deg 3<20<45
background measured for 1.2 the scan

tjme each at the beginning
and end of a scan

octants measured hkl and hki~
standards 2 after 48 reflections
no. measured 4559
no. used, NO<2(t(I) 3265
“，cm-1 6.4
R* 0.043
R/ 0.050
goodness of fit,字 1.60 -
max shift / a 0.08
no variables, NV 389
difference peak + 0.42, -0.32
excursion, eA-3

아? = £이/기 - |F시)/ZIJ기. 曜紗 = 시|7지 - |F시)2/2湖旧的媚.

书=[£他(成。I - \FC )2/(NO-NV)]U2.

monochromator. Cell constants were obtrained from a least­
squares refinement of the setting angles of 20 reflections 
with 2^-values between 15° and 30°. The intensity data 
were collected using the values summarized in Table 1. The 
raw data were corrected for background and for Lorentz and 
polarization effects but for absorption. The position of Fe, Cl 
and Si atoms were determined by direct methods and the rest 
of the nonhydrogen atoms by the difference Fourier techni­
que. The structure was refined by the block-diagonal least­
squares technique by assigning anisotropic thermal para­
meters to the nonhydrogen atoms. The hydrogen atoms were 
placed in theoretical positions at a later stage of refinement 
with a C-H distance of 0.96 A and a fixed isotropic thermal 
parameter 1.2 times the equivalent isotropic thermal para­
meter of the attached nonhydrogen atom. The function mini­
mized with Z이씨 成J - 成』)2, where w is the weight of an ob­
servation F, and is given by w = l/(a2(7*) + 0.000332泠.The 
experimental conditions and the results of the refinement are 
summarized in Table 1.

The X-ray atomic scattering factors and corrections for 
the anomalous dispersion by Fe and Cl atoms for Mo Ka ra-

Table 2. Fractional Coordinates XtY,Zt and Thermal Parame­
ters, U

X Y Z U*

Fe 4108(1) 3009⑴ 1792(1) 43(1)
Cl 4163(1) 2132(1) 3817(1) 67(1)
Si 5647(1) 2249⑴ 3037(1) 41(1)
C(l) 2856(4) 2738(2) 982(3) 60(2)
0(1) 2010(3) 2573(2) 493(2) 97(1)
C(2) 3952(4), 3848⑵ 1429⑶ 62(2)
0(2) 3769(4) 4378(2) 1184(2) 102(2)
C(3) 2726(4) 3078(2) 2450⑵ 59(2)
0(3) 1800(4) 3151(2) 2834(2) 99(2)
C(4) 4929(4) 2029⑵ 2041(2) 40(1)
C(5) 4159(4) 1375(2) 1836⑵ 44(1)
C(6) 4889(5) 827(2) 1583(2) 66(2)
C(7) 4165(5) 212(2) 1460(3) 83(2)
C(8) 2749⑸ 140⑵ 1606(3) 88(2)
C(9) 2021(5) 671(2) 1854(3) 100(2)
C(10) 2706(5) 1287(2) 1971(3) 81(2)
C(ll) 5870(4) 2392(2) 1569(2) 41(1)
C(12) 6459(4) 2107(2) 876⑵ 45(1)
C(13) 7965(4) 1954(2) 941⑵ 58(2)
C(14) 8591(5) 1638(2) 356(2) 67(2)
C(15) 7728(5) 1467(2) -306(2) 71(2)
C(16) 6243(5) 1604(2) -378(2) 73(2)
C(17) 5600(5) 192(X2) 207(2) 6(X1)
C(18) 6429(4) 3022(2) 1924(2) 4(X1)
C(19) 7444(4) 3468(2) 1537(2). 43(1)
C(20) 8719(4) 3711(2) 1954(2) 53(1)
C(21) 9716(4) 4106(2) 1606(3) 69(2)
C(22) 9469(5) 4255(2) 836(3) 75(2)
C(23) 8205(5) 4014(2) 414(2) 68(2)
C(24) 7188(4) 3632(2) 758(2) 55(1)
C(25) 5985(4) 3112⑵ 2684(2) 39(1)
C(26) 6313(3) 3714(2) 3181(2) 41(1)
C(27) 6287(4) 4375(2) 2913(2) 56(1)
C(28) 6635(4) 4906(2) 3419(3) 71(2)
C(29) 7003(5) 4786(3) 4194(3) 79(2)
C(30) 7035(5) 4148(2) 4467(3) 76(2)
C(31) 6679(4) 3620(2) 3962(2) 55(1)
C(32) 7312(4) 1756(2) 3415(2) 46(1)
C(33) 8727(4) 2000(2) 3390(3) 72(2)
C(34) 9966(5) 1614(3) 3604(3) 94(2)
C(35) 9806⑸ 977(3) 3838(3) 93(2)
C(36) 8449(6) 715(2) 3872(3) '106(3)
C(37) 7206(5) 1105(2) 3669(3) 85(2)

* Equivalent isotropic Udefined as one third of the trace of the ortho- 
gonalised U疗 tensor.

diation were taken from the International Tables for X-ray 
Crystallography^. All computations were performed on a 
Data General Microeclipse Computer with the crystallogra­
phic program package SHELXTL supplied by the Nicolet 
Corporation.16

The final positional and equivalent isotropic thermal para­
meters for the nonhydrogen atoms are given in Table 2. The 
atomic numbering scheme is shown in Figure 1.
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Figure 1. View of the complex looking down the normal to the four- 
atom diene plane and 아］。wing the atom numbering system. Carbon 
atoms 34,35 and 38 are not labeled due to crowding. Hydrogen atoms 
are omitted for clarity and others are drawn as circles of arbitrary 
size. Heteroatoms are shaded.

Figure 호. View of the complex 아lowing the orientations of the 
substituents on the central five-membered ring. Hydrogen atoms are 
not shown.

The four carbon atoms C4, Cll, C18 and C25 constituting 
the diene portion of the five-membered ring containing the 
silicon atom are coplanar with deviations of -0.011, 0.019, 
-0.019 and 0.011 A, respectively. The angles around the Cll 
and C18 are 358.9° and 359.9 whereas the C4 and C25 
353.0° and 356.0°, respectively. The C4 SiC25-butadiene

Table 3. Selected Distances (A) and Angles (°) and their esd's

Bond distances Bond angles

Fe-C4 2.112(3) Cl-Fe<2 89.0(2)
Fe-Cll 2.081(3) Cl-Fe-C3 95.9(2)
Fe-C18 2.086(3) C2-Fe-C3 97.0(2)
Fg5 2.182(3) Fe-Cl-Ol 176.6(4)
Fe-Cl 1.792(4) Fe-C2-O2 176.1(4)
Fe-C2 1.783(4) Fe-C3-O3 175.5(4)
Fe-C3 1.792(4) C4-Si-C25 87.7(1)
Cl-Ol 1.130(5) S1-C4-C5 122.6(2)
C2-O2 1.141(5) Si-C4©l 104.5(2)
C3-O3 1.137 ⑸ C5-C4-CH 125.9(3)
Si-C4 1.839(3) C4-C11-C12 124.1(3)
Si-C25 1.859(3) C4-C11-C18 112.6(3)
Si-C32 1.856(3) C12-C11-C18 122.2(3)
Si-Cl 2.025(2) C11-C18-C19 121.3(2)
C4-C11 1.440⑸ ClbC18-C25 112.3(3)
C11-C18 1.462(5) C19-C18-C25 126.3(3)
C18-C25 1.436(5) Si-C25-C18 105.3(2)

Si-C25-C26 125.3(2)
C18-C25-C26 125.4(3)

dihedral angle has opened up to 41.8°, so that the silicon 
atom is out of the diene plane by 0.827 A. The five-mem- 
bered ring is, therefore, in an envelope configuration. The 
phenyl substituent on silicon is in an axial orientation. There 
are some interesting observations in interatomic distances 
and angles, a selected list of which is given in Table 3.

For example, th은 carbon-carbon distances in the five­
membered ring show considerable conjugation, the formally 
single C-C bond (1.462(5)A) being only slightly longer than 
the formally double C = C bond오 (1.440(5) and 1.436(5)A), 
respectively. The Fe-C4 and Fe-C25 distances (2.112 and 
2.172 A, respectively) are longer than Fe-Cll and Fe-C18 
distances (2.081 and 2.086 A, respectively). This is consis­
tent with a similar observation of Mills and Robinson17 that 
the distances between Fe and the terminal carbon atoms in 
1,3-butadiene, in the crystal structure of the -complex, 
Fe(^4-1,3-butadiene)(CO)3, are slightly longer (2.14 A)othan 
those between Fe and the central carbon atoms (2.06 A). In 
addition, the Fe-C4 and Fe-C25 distances themselves are un­
equal due, probably, to the unsymmetrical substitution at the 
silicon atom. The coordination geometry at the iron atom is 
not clear-cut. If the centroid of the four-atom diene moiety is 
taken as the fourth ligand site for the Fe atom, the other 
three sites being the carbons of the three carbonyls, a distor­
ted tetrahedron seems to be an appropriate description, the 
three CO-Fe-CO angles lying between 89 and 97 °, and the 
other three angles at Fe, i.e., those substended by the diene 
centroid and the three carbonyl carbons Cl, C2 and C3, be­
ing 123.4, 121.9 and 121.8* respectively. The distance bet­
ween Fe and the diene centroid is 1.716 A, which is similar to 
the distances between Fe and the carbonyl carbons, Cl, C2 
and C3 (Table 3). On the other hand the coordination can also 
be described as a distorted square pyramid with atoms Cl, 
C2 and the midpoints of the two double bonds, C4 = Cll (LI) 
and C18 = C25 (L2), defining the base of the pyramid and C3 
the apex. A least-squares plane through the four sites Cl, C2, 
LI and L2 아lows that they deviate by -0.063, +0.060,
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4. The Bond Distances and Angles of l-Silacyclopentadiehes and Related Complexes 

(18),C—CU1)

(25)C、ZC(4}
Si7

Compound M-C(4) 
[M-C(25)]

M-C(ll) 
[M-C(18)]

C(4 卜 C(ll) 
018)((25)

C(ll卜 C(18) Si-C ⑷ 
[Si-C(25)]

around
C(4),C(11)
C(18),C(25)

dihedral angle
pl.C(4),Si,C(25)
pl.C ⑷,C(U)Q(18),C(25)

ref.

Fe(C4Ph4SiPhClXCO)3 2.112 ⑶ 2.081(3) 1.440(5) 1.462(5) 1.839(3) 353.0° 358,9° 41.8 °C This
[2.182(3)] [2.086(3)] [1.436(5)] [1.859(3)] 359.9° 356.0° work

Ru(C4Ph2H2SiMe2XCO)3 2.293(4) 2.189(3) 1.453(4) 1.406⑺ 1.880(7) 32° 13
[CfXCgHuSiXPMe^JBP^ 2.316(8) 2.062(6) 1.382(10) 1.472(11) 1.854(5) 359.6° 41.3°

[2.197(7)] [2.274(7)] [1.403(9)] [1-875(7)] 349.9° 8
C4Ph4SiMe2 1.358(2) L511 ⑵ 1.868⑶ 359.5° 360.0°

360.0° 359.7° 14
C4Ph2H2SiMe2 — 1.345(4) 1.466(6) 1.878(3) 3.0° 13

Fe[Ph(Cl)-TPSCp](CO)3 [Co(C4Me2SiMe2)(PMe3)3]+ Ru[C4Ph2(H2)SiMe2](C0)3
F19U，e 3 Perspective views of A = Fe[Ph(C»TPSCp](CO)3, B니『RuqPhdH'SiMe^C%

+ 0.078 and -0.078 A, respectively; 난蛇 iron atom is out of 
this plane by -0.510 A. The apical atom C3 is at a distance of 
-2・243 A from this plane. It is clear, therefore, that the coor­
dination polyhedron around the iron atom, whether it is the 
tetrahedron with 한蛇 fourth ligating site at the centroid of the 
four-atom diene moiety, or the square pyramid with the 
fourth and fifth sites being at the centers of the two ethylenic 
double bonds, is quite distorted. It may be pointed out that 
the three carbonyl moieties bonded to the iron atom are 
located in slightly different environments as shown in Figure
1. C1 = O1 straddles the diene bond, C4 = Cll, the C1--C4 
and Cl—Cll distances being 2.854 and 2.887 A, respective­
ly- C2 = 02, however, is 시oser to C18 than to C25, the 
C2—C18 and C2--C25 distances being 2.834 and 3.069 A, 
respectively. The third carbonyl C3 = 03 and the Si-Cl moie­
ty almost eclipse each other, and are tilted in the opposite 
directions from the four-atom diene plane.

Atom C3, however, makes close contacts with the follow­
ing atoms: (van der Waals distances18 are given in paren- 
theses)°C4, 3.022(3.40); C25, 2.931(3.40); Si, 3.185(3.80); Cl, 
3.197 A(3.45 A).

We compared this structure (Ila) with those of Ru[C4Ph2 
H2SiMe2](CO)313 and [Co(C4Me2H2SiMe2)(PMe3)3]+8, Table 
4 shows structural data of Ila and the related complexes.

It is very interesting to know the following characteris­
tics. First, 나le bond distances of C4-C11, C18-C25 and Cll- 
C18 are almost same for Fe[Ph(Cl)-TPSCp](CO)3, whereas in 
[Co(C4Me2H2SiMe2)(PMe3)3]+ , the C4-C11 and C18-C25 are 
significantly 아】orter than C11-C18, while in Ru[C4Ph2H2 
SiMe2](CO)3, C4-C11 and C18-C25 are remarkably longer 
than the C11-C18. Secondly, the dihedral angles of Fe- and 
Co+-complexes are 41.8 and 41.3°, respectively, whereas of 
Ru-complex 32.0°. Finally, the environment of central metal 
is a distorted Td/SP for Fe-complex, a ditorted SP for Co+- 
complex and a distorted Oh for Ru-complex.

Accordingly, it may be said that in Fe-complex, the coor­
dination of TPSCp occurs through the ^-electrons being delo­
calized over the four carbon atoms, whereas it was pro­
posed14 that in Co+-complex, 1-silacyclopentadiene ring 
maintains the butadiene fragment, and that in Ru-complex, 
there are two a-bonds and one w-bond between l-silacyclo- 
pentadiene ring and Ru. These relations arp visualized in 
Figure 3.

In Co+-complex, the positive charge causes stronger in­
teraction towards the butadiene moiety, leading to reduce 
the electron density, whereas Hie + Aeffect of the two methyl 
groups may compensate the reduced electron density in the 
butadiene moiety. Thus 나}e butadiene fragment in ligand re-
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Table 5. Spectral Data of Tricarbonyl [1,1*R*Rf -TPSCp] Iron

Compound
파LNMR(ppm) Mass I.R.(cmT)

R R，

Il-a Ph Cl 询-Ph) 7.23-7.82(mt5H)
只C・Ph)6.70-7.23(m,20H)

63&M +,5), 608(M +-CO.18), 58(XM+-2CO,3)
552(M+-3CO,100), 496(Ligand,5)

vco = 2050(s), 1990(s) 
197%,b)

Il-b Cl Cl S(C-Ph) 6.9&7.23(m) 594(M + ,12), 566(M + -Co,30), 538(M + -2CO,4) 
510(M+-3COf100), 434(Ligand,2)

吒监 2070($), 1995(s,b)

II-c Me Me 5(CH3) 0.28(s,3Htexo)
8(CH3)0.85(s,3H,endo)
5(C-Ph)6.76-7.23(m,20H)

554(M + ,3), 526(M + -CO,6)
470(M+-3CO,46)
414(Ligand, 100)

yCo = 2040(s)t 1970(s) 
^Si-CH3 = 1245(m)( 1255(m)

Il-d Me Cl ^(CH3) 0.69(s,lH,exo)
^(CH3) 1.21(s,2H,endo)
^(C-Ph)6.82-7.23(m,20H)

574(M + ,9), 546(M+-CO,11)
518(M + -2CO,13)
49(XM+~3CO,82), 434(Ligand, 100)

uco = 2040(s), 1985(s) 
^Si-CH3 = 1245(w), 1255(w)

mains and serves as a 2-and 2-electron system.
In Ru-complex, one may attribute the resulted butene 

moiety to the effect that 44orbitals of Ru extend farther into 
space and thus interact most strongly with the butadien은 

moiety. On the other hand, in Fe-complex there is neither 
such a strong interaction between ligand and central metal 
atom as in Co+ and Ru-complex, nor such a + 7-effect as in 
Co+-complex. This will be responsible for the ^--electrons 
delocalized system of Fe-complex. The spectral data of the 
Fe[RRr-TPSCp](CO)3 complexes are given in Table 5.

Experiments

Elemental analyses were performed by Yanaco, MT-2 
Elemental Analyzer at the Chemical Analytic Center of the 
College of Engineering, Seoul National University. ^-NMR- 
spectra were obtained on Bruker WP 80 SY, 80 MHz FT- 
NMR, Mass spectra on Jeol Gas-chromatography and Mass 
Spectrometer DMX 300, IR as KBr-Pellet on Shimazu IR- 
440 and Melting point on Wagner Co., Capillary
Type.

R,R，-TPSCp(I烽 R，= CH3, R = CH3/R, = Cl, R = Ph/R， 
=Cl and R = R' = Cl). These compound were prepared ac­
cording to the procedure being improved by us.19 Tricar­
bonyl (^^l-phenyl-l-chloro-TPSCp) iron (Ila).

A mixture of 0.496g (1.0 mmole) of I-phenyl-l-chloro- 
TPSCp and 0.27 ml (0.39g, 2.0 mm이e) of Fe(CO)5 in 50 ml of 
toluene was refluxed with stirring for 20 hours. The green- 
ish-yellow solution was changed to red, dark-green and final­
ly black. After the solvent and excess Fe(CO)5 were distilled 
off in vacuum following by washing with 50 ml of n-pentane, 
60 ml of n-hexane were given to the residue. When the dark 
su옹pension was stirred for 10 minutes and allowed to stand 
for 20 hours at room temperature, the orange solution toge­
ther with black precipitate was obtained. After separation of 
the precipitate by decantation, the solution was condensed to 
a half and kept at room temperature for 40 hours, then or­
ange solid was obtained. Recrystallization from n-hexane 
two or three times gave 0.42g of orange crystal (Ila, 70%).

Anal. Calcd. for C37H25O3ClSiFe: C, 69.77; H, 3.96%. 
Found: C, 70.00; H, 3.97%.

Tricarbonyl(^?4-l, 1-dichloro-TPSCp) iron(IIb), Tricar- 
bonyl(7?4-1,1-dimethyl-TPSCp) iron(IIc) and TricarbonyK7?4- 
1-methyl- 1-chloro-TPSCp) iron(IId + lid1) were prepared 
with 1.0 mmole of the corresponding RR'-TPSCp with 2.0 

mmoles of Fe(CO)5 principally in identical manner as describ­
ed in the preparation of (Ila).

lib: yellow crystal (75%), mp 118-120°C; AnaL C시cd for 
C31H20O3CI2 SiFe; C, 62.54; H, 3.39%. Found: C, 62.51; H, 
3.91%. lie: orange crystal (70%), mp 144-145°C; Anal. 
Calcd for C33H26O3SiFe: C, 71.48; H, 4.73%. Found: C, 
71.25; H, 5.02%. lid + lid': orange crystal (75%), mp 165- 
167°C; Anal. Calcd for C32H23O3ClSiFe: C, 66.85; H, 4.03%. 
Found: C, 65.07; H, 4.32%.
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Some s-triazine herbicides, namely simazine, atrazine, and propazine present as trace components in a complex mixture were 
analyzed by GC/MS and GC/MS/MS methods. Even though monitoring the molecular ions was 안此 best in terms of sensiti- 

at characteristic m/z values were monitored, chromatograms were rather free from interference. More importantly, selected 
reaction monitoring was found to provide a selective means of detection with general applicability.

Introduction

Mass spectrometry is one of the most useful instrumental 
methods for the identification and structure determination of 
various compounds.1,2 When coupled with gas or liquid chro­
matography, the resulting instrumental methods commonly 
called GC/MS3,4 and LC/MS5, respectively, become power­
ful techniques for the qualitative and quantitative analyses of 
trace components in complex mixtures. For the screening 
and quantitation of a trace component, one or several dif­
ferent ions generated upon ionization of the compound are 
electively recorded.6 This technique is usually called 
selected ion monitoring (SIM) or selected ion recording 
(SIR). Since the mass spectrometer spends most of its time 
to detect only a few different ions, effective time constant for 
each channel in SIM becomes enormously larger than for 
scanning-type GC/MS, enabling parts per billion (ppb) ana­
lysis.7 GC/MS analysis of trace components in a very com­
plex mixture is often hampered by the presence of inter­
fering components. Hence, a thorough and time-consuming 
pretreatment of a sample is usually needed in such a case.

Tandem mass spectrometry or mass spectrometry/mass 
spectrometry (MS/MS)8"10 has been proposed as an alter­
native to GC/MS for mixture analysis.11*13 In this technique a 
mixture is introduced to the ion source of a mass spectro­
meter. A characteristic ion produced from the analyte of in­
terest is separated by the first stage mass spectrometer. Dis­
sociation of this selected ion as monitored by the second 
stage mass spectrometer provides a means to identify and 
quantitate the analyte of interest. This technique is often call­
ed selected reaction monitoring (SRM) to distinguish it from 
selected ion monitoring (SIM) described above, Since the 
separation and detection are all done in a mass spectrometer, 
analysis can be done faster than in GC/MS. MS/MS can also 
be utilized for detection of components separated by GC.12,14 

Excellent selectivity of this technique often enables the ana­
lysis of trace components which are difficult to analyze with 
GC/MS. Alternatively, extensive pretreatment of a sample 
can often be avoided with GC/MS/MS.

s-Triazines are wid이y used as pre-emergence selective 
herbicides, simazine (2-chloro-4,6-bis(ethylamino)-s-triazine, 
I), atrazine (2-chloro-4-ethylamino-6-isopropylamino-5-tri- 
azine, II), propazine (2-chloro-4,6-bis(isopropylamino-s-tri- 
azine, III) being the most important. Recently, we have car­
ried out an investigation on the mass spectral fragmentations 
of these compounds and 2-amino-4-chloro-6-ethylamino-s- 
triazine (IV) utilizing MS/MS and high r^olution mass spec­
trometry.15 As an extension of this workt GC/MS and 
GC/MS/MS analysis of s-triazine herbicides have been per­
formed and reported here.

Cl Cl

N人N

人人 C2H5NH w NHC2H5 人人
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I II

Cl Cl

N人N n"눅 N
人人
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AA 

)2 H2N " NHC2H5
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Experimental

The instrument used in this work was a double focusing 
mass spectrometer with reversed geometry (VG ZAB-E) 
coupled to a gas chromatograph (HP model 5890). A sche­
matic diagram for the instrument is 아｝own in Figure 1. A fus-


