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Abstract: A new synthetic methodology for adding carbon-based nucleophiles to the carbocyclic ring of
quinolines has been developed, based on the electron-deficient bonding of the C(8) carbon and the protective
coordination of the nitrogen atom to the metal core in the complexe&O%(u3-17%-CoHs(R)N)(u-H), 1a—

1h. These compounds react with a wide range of carbanions (€lg), tB give the nucleophilic addition
products OfCO)(uz-173-CoH7(5-R)N)(u-H), 2a—2I, and Os(CO)y(uz-173-CoHg(3-, 4-, or 6-R)(5-RN)(u-H),

3b—3g, after quenching with trifluoroacetic acid, in isolated yields of-86%. In the 6-substituted derivatives,

this addition is stereoselective, forming only the cis-diastereomer. In the case the 6-chloro derivative, a second
product is obtained, QECO)y(uz-172-CoHs(6-Cl)(5-C(CHs)2CN)N)(u-H),, 4, the result of protonation at the

metal core and rearrangement of the carbocyclic ring. The trans-diastereomer of the 6-substituted derivatives
can be obtained by quenching the intermediate anion of the unsubstituted complex wWi®){86 or acetic
anhydride. Nucleophilic addition to the 5-chloro complex occurs across the 3,4-bond to gi@&OR&3-
7%-CoHg(5-Cl)(4-C(CH),CN)N)(u-H), 5. The addition products, typ&sand3, can be rearomatized by reaction

with diazobicyclononane (DBU)/dichlorodicyanoquinone (DDQ) or by reaction of the intermediate anion with
trityl cation or DDQ. The resulting rearomatized complexes can be cleanly cleaved from the cluster by heating
in acetonitrile under a CO atmosphere, yielding the functionalized quinoline agf€Q)s, as the only two
products. Solid structures afs-3e trans-3e 4, and5 are reported.

Introduction undergo regioselective nucleophilic addition of hydride at the
5-position (egs 1 and 210

The transition metal-activated nucleophilic addition and  These initial results prompted us to try to extend to carbanions
substitution reactions of-bound arenes have proven to be an the regioselective nucleophilic attack observed with hydride.
extremely useful addition to the organic chemists’ arsenal for The site of nucleophilic attack in free quinolines orjfN-
functionalizing arenes, cyclizations, and asymmetric syntdedes. coordinated quinolines is normally the 2-position (or the
Recently, this methodology has been extended to include 4-position, if the former is blocked)!! Successful addition of
bicycﬁc arenes, he[erocyc]@and indoles:® Notab|y missing the carbanion would allow a novel method for derivatizing the
from this group of substrates for nucleophilic activation by duinoline family of heterocycles on the carbocyclic ring. We
transition metals is the quinoline family. Quinoline prefgksN report her_e the results qf these s_tudles as well as some _further
coordination oven® coordination to the carbocyclic ring, in characterization of the intermediate anion (eq 2) and discuss

sharp contrast to indoles, because of their greater ba&itigre ~ the reactivity of the nucleophilic addition products formed after
are thus fewr-nS-arene complexes of quinoline, and nucleo- qguenching this anion with electrophiles. In light of the impor-

philic addition and substitution have been studied only for the tance of the quinoline ring system in drug design and develop-

LN transition metal complexdsWe recently reported the ment!? as agonists or antagonists for neurotransmitter mol-
" ) . P , y repor ecules'?and as intermediates in syntheses, of natural protfucts
synthesis of a family ofr-us-#? complexes of quinoline that

these results represent a potentially useful synthetic methodology
not available via complexation by monometallic species.
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Results and Discussion

A. Reactions of Carbanions with the Parent Quinoline
Complex 1a.When compounda s reacted wit a 2 to3-fold
excess of the carbanions listed in Table &8 °C, the deep
green tetrahydrofuran (THF) solution turns dark orange or
amber. After being stirred and warmed t8®, the solution is
cooled to—78 °C and quenched with a slight excess (relative
to the total carbanion added) of trifluoroacetic acid to give an
orange to red solution. After chromatographic purification, the
nucleophilic addition products Q€O (us-173-CoH7(5-R)N)-
(u-H) (2a—2l) are isolated in the yields reported in Table 1 (eq
3). The only carbanion tried that did not result in nucleophilic

2a -2l

addition on the ring was sodium diethylmalonate, which
apparently complexes witha at the metal core, as evidenced
by the reversible color change from green to yellow when this

J. Am. Chem. Soc., Vol. 120, No. 49, 12889

Table 1. lIsolated Nucleophilic Addition Product Yields from the
Reaction of OfCO)(us-1?-CsHeN)(u-H), 1a, with Carbanions
compound carbanion yield, %

2a LiMe 66

2b Li"Bu 45

2c Li‘Bu 52

2d LiBz 48

2e LiPh 66

2f LICH=CH; 51

2h LiCH,CN 72

2i LiC(CH3).CN 69

2j Li-CHS(CH,).S- 72

2k LiCH,CO,Bu 86

2a MeMgBr 43

2| CH,=CHCH,MgBr 53
Scheme 1

o —n! with carbocycle

reagent is added ttha at —78 °C and then warmed to room
temperature. This behavior, and the associated color change,
are similar to those observed for the reactiodafvith neutral
2-electron donors (eq 4).1° Methoxide also failed to react with

A | N
N 0 N
25°C M
—0¢- B VAR LZo/s/ H;oé- “)
/ I I
\H\ /Os

la As seen from the yields listed in Table 1, the harder, more
nucleophilic carbanions give somewhat lower yields than the
softer nucleophiles, probably because of competing attack at
the coordinated carbonyl groups by the former, leading to
decomposition. Overallla reacts with a broader range of
nucleophiles relative to the neutral monometallicarene
complexes? This is undoubtedly a result of localization of the
electron deficiency at the 5-position induced by the electron-

(14) Semmelhack, M. F. IComprehensie Organometallic Chemistry
II; Stone, F. G. A., Abel, E., Wilkinson, G., Eds.; Elsevior Science: Oxford,
1995; Vol. 12, chapter 9.1, p 979.
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Scheme 2

deficient bonding to the clustérl® Thus lithium tert-butyl
acetate reacts quite well witta, whereas yields of«-;®-arene)-
Cr(CO) were quite low except in the presence of very polar

solvents such as hexamethylphosphoramide or use of the

corresponding potassium salt. Methyllithium amrdutyllithium
will deprotonate f-7%-arene)Cr(CQ) whereasla yields the
usual nucleophilic addition product$.Indeed, we have at-
tempted deprotonation d&awith lithium diisopropylamide, but
observed no evidence for this mode of reaction.

The structure of the intermediate anion produced after
nucleophilic attack remained in question after our initial reports
on the reactivity ofla and related compounds with hydride
donors3~10 Two structural types are possible, according to the
IH NMR data at room temperature: (1) a tilteg-r*-allyl,
which is undergoing rapid—zm-interchange; and (2) a7
alkylidene, in which the quinoline remains perpendicular to the
metal and is stabilized by electron delocalization to the metal

core (Scheme 1). We have now examined the variable temper-

ature (VT)13C NMR of a3CO-enriched sample of the anion
that results from hydride attack dra. At both 22 and-80 °C,

five carbonyl resonances are observed, at 191.90, 186.76
185.56, 183.43, and 181.11 ppm, in a relative intensity of 2:1:
2:2:2. We think this result supports the perpendiculgu;?-
structure since the—s-interchange process usually has a barrier
of 40—-50 kJ/mol in related systems and should be at least
partially frozen out on the NMR time scale &80 °C.°

Compound2g was isolated in rather poor yield along with
an as-yet-unidentified coproduct that appears to involve some
rearrangement of the carbocyclic ring. We are currently
investigating the structure of this complex further.

The chiral center created at C(5) along with the overall
chirality of theseo—x vinyl complexes would be expected to
lead to the isolation of diastereomers. However, the operative
o—am vinyl interchange, which is apparently rapid on the NMR
time scale in2a—2l, precludes the isolation of diastereomers
(Scheme 25.

B. Reactions of Carbanions with Monosubstituted Quino-
lines. Substitution at both the carbocyclic and heterocyclic ring
over a range of functional groups is well tolerated for the
nucleophilic additions described above. Thus, reactior of
with LiC(CH3),CN or LIiCH,CO,tBu gives the expected nu-
cleophilic addition products Q& O)(u3-17°-CoHs(4-R)(5-R)N)-
(u-H) (R= CIl, R= CH,CO,tBu, 3b; R = Cl, R'= C(CHs).CN,
3b') in reasonable yields (54 and 67%, respectively). Similarly,
1creacts with LICHCO,tBu andlgreacts with LIC(CH),CN
in an analogous manner (eq 5 and 6).

The 6-substituted quinoline derivatives undergo nucleophilic
addition as well, but with interesting differences. Complek
reacts with LIC(CH).CN to give two major products, the
expected nucleophilic addition product, {80)(us-7%-CoHe-
(6-Cl)(5-C(CH)2CN)N)(u-H), 3d, and a dihydrido complex,
Os3(COX(uz-1*-CoHs(6-Cl)(5-C(CH)2CN)N) (u-H)2, 4, appar-
ently as a result of competitive protonation at the metal core

Bergman et al.
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(eq 7). From the NMR data alone, the bonding mode to the
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trimetallic core could not be assigned with certainty. A solid-
state structural investigation was therefore undertaken.

The solid-state structure @f is shown in Figure 1, crystal
data are given in Table 2, and selected distances and bond angles
are shown in Table 3. The structure consists of ant@engle
with two approximately equal metametal bonds (Os(1)Os-

(3) and Os(2Y0s(3) at 2.814(1) and 2.786(1) A) and one
slightly elongated metalmetal bond (Os(:0s(2), 2.962(1)
A). The two hydride ligands were located by determining the
potential energy minimum with the program Hyd€xAs
expected, the elongated metahetal bond has the hydride
ligand located in-plane, whereas the doubly bridged Os(1)
Os(3) edge has the hydride ligand tucked well below the Os
plane? Compound4 is bound to the cluster by an electron-
precise spu-alkylidene linkage with C(8). The bonding is
slightly asymmetric (Os(1)C(8) = 2.19(1) and Os(3)C(8)

= 2.21(1) A). These electron-precise bonds are considerably
shorter than the related electron-deficient bond$arf2.28(1)
and 2.32(1) A). The Os(N bond length in4, on the other

(15) Orpen, A. GJ. Chem. Soc., Dalton Tran&98Q 2509.
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Figure 1. Solid-state structure of Q&O)(us-1?-CeHs(6-Cl)(5-
C(CHg),CN)N)(u-H)2, 4, showing the calculated positions of the
hydrides.

hand, is exactly the same aslia (2.13(1) A). The C(53-C(6),
C(6)—C(7), and C(7>-C(8) bonds can be considered as single,

J. Am. Chem. Soc., Vol. 120, No. 49, 12831

The reaction ofle with LiC(CH3),CN gave one major
product in 71% yield, Q%CO)(u3-173-CoHg(6-CHa) (5-C(CHs)--
CN)N)(u-H), 3e This compound was also isolated as one
diastereomer and showed a vicinal coupling constant for the
C(5)—C(6) protons of 5.95 Hz, very similar to that observed in
3d (eq 8). Examination of the crude reaction mixture 1y

cis-3e, R'=C(CH;),CN
cis-3¢', R'=CH;

NMR prior to chromatographic purification showed the presence
of only one diastereomer &ein addition to starting material.
Thus, the single diastereomer appears to be the kinetic product
and is not the result of equilibration on the silica gel used for
purification. Suitable crystals oBe for X-ray analysis were
obtained, which allowed us to firmly establish the stereochem-
istry across the C(5)C(6) bond.

The solid-state structure &eis shown in Figure 2, crystal

double, and single bonds, respectively, on the basis of the yata are given in Table 2, and selected distances and bond angles
observed distances (1.46(2), 1.36(2), and 1.47(2) A). In the solid 4re |isted in Table 4. The cis-configuration around the €(5)

state, only one of two geometric isomersdab observed, with
the hydride bridging the Os(3)0s(2) edgesynto the isobu-
tyronitrile group. In solution, a minor isomer can be observed
(~10% of the major) by'H NMR.

The formation of4 from 1d can be rationalized by the
electron-withdrawing effect of the chloride, making protonation
at the 6-position less favorable and resulting in competitive
protonation at the metal cote.To some extent, the relative
amounts ofdd and4 can be controlled. When a 10-fold excess
of acid is used to quench the nucleophilic additiBd,and 4
are formed in a 3:2 ratio, when 1 equivalent of acid is used, the
ratio is 5:1. This reflects the greater statistical probability for
protonation at the Qscore relative to the C(6) position of the
ring. Attempts to converd to 3d by heating at 80C in CsDg
for several hours failed. In metal cluster chemistry, it is not
uncommon to observe the formation of two isomeric products

C(6) double bond is obvious from the solid-state structure of
cis-3e as is the anticipated puckered-boat configuration of the
carbocyclic ring. The overall structure is very similar to the
previously reported QECO)(us-73-CoHgN)(u-H).° The 6—a-

vinyl bonding mode is most likely undergoing a—-
interchange in solution, as observed for related compo®inds,
but we could not ascertain if this process was operative because
of the asymmetry in3e The cis-stereochemistry can be
rationalized by exclusive trans-protonation of an essentially
planar anionic intermediate (Scheme 1), where the bulky
nucleophile blocks one face of the carbocyclic ring at C(6). Such
is not the case for deuteride as a nucleophile, however, for both
cis and trans isomers are observed in similar amounts aen

is treated with D/H™.° When 1e is reacted with LiCH, one
major stereoisomer is obtained in 67% yield (@O )(us-7°-
CoHg(5,6-CHs)2N)(u-H), 3€, which we can identify as the cis-

that do not interconvert at temperatures below the decompositiondiastereomer fromMH NMR decoupling experiments in which

temperature of the compountfsThe formation of4 lends

a vicinal 3J(*H—H) of 4.5 Hz is revealed across the CG{5)

credence to our proposed structure for the intermediate anionC(6) bond. A trace amount of a second diastereomer is observed
because it is identical in structure to one of the resonance formsas companion peaks in théd NMR of 3€. Thus, even a

proposed (Scheme 1).
The reaction ofld with LiC(CH3)2,CN gave only one of the
two possible diastereomers & (eq 7). The observed coupling

relatively small alkyl group on C(5) is sufficient to induce almost
exclusive trans-protonation. If our hypothesis about trans-
protonation is correct, then we should be able to obti@ns

constant between the C(5) and C(6) protons (5.77 Hz) gave no3eby treatinglawith LiC(CH3).CN followed by reaction with

firm indication of the stereochemistry across the C(6)6)
bond since this value is right on the borderline between the
values for cis and trans orientations around the €(@}) bonds

in cyclohexened’ In addition, the metal-ligand bonding frame-
work for structural type® and3 imparts an unusual puckered
geometry to the carbocyclic rifgwhich makes inferring
stereochemistry from coupling constants ambiguous. Unfortu-
nately, we were unable to obtain X-ray-quality crystals3dr

(16) Lavigne, G. IrThe Chemistry of Metal Cluster Compoun8ériver,
D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH: New York, 1990; Chapter
5.

(17) Bovey, F. A.NMR Data Tables for Organic ChemistgViley-
Interscience: New York 1967.

(CH30),S0,. This is indeed the case (eq 9), although complete

x
3 v, -
0\ LLiR
A\ /' 2.(CH;0),50, ©)
B3N
|
la trans-3e, R'=C(CHj;),CN

trans-3e', R'=CHj;
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Table 2. Crystal data and structure refinement forcik-3e, trans-3e, and 62

Bergman et al.

4 cis-3e trans-3e 6
empirical formula QzH]_:,»ClNzOgOSg Co3H16N200s Co3H16N200s szHwClNzOgOSg
formula weight 1055.39 1034.98 1034.98 1055.39
temperature, K 293(2) 293(2) 293(2) 293(2)
wavelength, A 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic triclinic monoclinic
Space group Cylc (#15) P-1 P-1 P2:/n

Unit cell dimensions

volume,Z

density (calculated),
mg/m

e, mm1

F(000)

crystal size, mm

6 range for data
collection, deg

limiting indices

reflections collected
independent
reflections
max, min.
transmission
data/restraints/
parameters
goodness-of-fit
onF?
final R indices
[l > 20(1)]
R indices (all data)

a=32.976(7) Ao = 90°

b= 9.972(2) A8 = 103.30(3}

c=15.980(3) Ay = 90
5114(2) B, 8
2.742

15.029
3808
0.1& 0.13x 0.08
1.27-21.97
—34=<h=<34,0=<
k=10~-11<1=<16
12131
3133 (Ry = 0.022)
0.9998, 0.5899
3131/0/329
1.120
R1=0.0367, wR2= 0.0661

R¥ 0.0542, wR2= 0.0780

largest diff. peak and0.713 and-0.879

hole, eA3

a=10.086(4) Aa. = 91.65(5)
b=11.158(7) Ag = 111.17(5)
c=12.569(9) Ay = 90.73(4y
1318(1) &, 2

2.608

14.476
936
0.20x 0.18x 0.13
1.74-18.99
—9=<h=<9,-10=<
k=<10~-10<I1=<11
4222
2111 (R = 0.103)
0.9983, 0.7745
2111/0/164
1.020
R1= 0.0690, wR2= 0.1515

R1= 0.0897, wR2= 0.1658
2.038 and-2.394

a=9.203(3) Ao = 90.49(3y
b=9.730(3) AB = 98.35(3)
¢ =16.012(7) Ay = 107.06(2)
1354.2(8) &, 2

2.747

14.293
1020
0.38x 0.30x 0.20
1.29-24.97
—-10=h=<10,-11<
k=<9-19=<1<19
7883
4762 (R = 0.0344)
1.000, 0.305
4759/0/344
1.272
R1=0.0634, wR2= 0.1633

R1=0.0799, wR2=0.1761
2.784 ane-6.194

a=8.872(2) Ao = 90°
b = 20.838(4) AB = 95.87(3}
c=14.224(3) Ay = 90°
2615.9(10) A 4

2.680

14.690
1904
0.25x 0.13x 0.08
1.74-24.99
—-10=<h=<10,0=
k=24-16<1<16
9179
4593 (R = 0.0543)
0.9992, 0.7989
4593/0/334
0.996
R1=0.0400, wR2= 0.0674

R1=0.0704, wR2= 0.0766
0.820 and-0.801

a Absorption correctiod? and refinement method of full-matrix least-squaresF8rused for all four compounds.

Table 3. Selected Distances (A) and Angles (Deg) #r

distances
Os(1)-0s(2) 2.962(1) C(8YC(9) 1.46(2)
Os(1)-0s(3) 2.814(1) C(#H(8) 1.47(2)
0Os(2)-0s(3) 2.786(1) C(6YC(7) 1.36(2)
Os(1)-C(8) 2.19(1) C(6Y-C(5) 1.46(2)
Os(3)-C(8) 2.21(1) C(6yC(1) 1.75(1)
Os(2)-N(1) 2.13(2) C(5)-C(40) 1.59(2)
Os-COP 1.89(2) C-O° 1.13(2)
angles
Os(1)-0s(2)-0s(3) 58.53(2) C(6YC(7)—-C(8) 125.(1)
Os(1)-0s(3)-0s(2) 63.86(2) C(5yC(6)—-C(7) 124.(1)
Os(2)-0s(1)-0s(3) 57.61(2) C(6yC(5)—C(10) 109.(1)
Os(1)-C(8)—0s(3) 79.6(4) C(10)C(5)—-C(40) 110.(2)
Os(3)-0s(2)-N(1) 81.9(3) C(2)-N(1)—C(9) 117.(1)
Os—-C—0P 177.(2)

aNumbers in parentheses are average standard devidtiamsrage
values.

conversion totrans3e is not realized because significant
amounts {40%) of 2i are formed. Presumably this occurs by
incomplete alkylation of the anion intermediate, followed by
protonation on workup with silica gel. It was not possible to C(CH)2CN)N)(u-H), cis-3e, showing the calculated position of the
separatérans-3e from 2i by thin-layer chromatography (TLC) ~ hydride.
but we did obtain analytically pure samples by reversed-phaseC(5)—C(6) bond is trans and the conformation of the carbocyclic
high pressure liquid chromatography (HPLC). Although it was is such that the dihedral between the alkyl groups is°154
immediately obvious thdtans3ewas a different stereoisomer  whereas that between the calculated positions of the C(5) and
from cis-3e the vicinal coupling constant across the C{B)6) C(6) hydrogen atoms is 80This explains the small coupling
bond was observed to bel Hz. Because seemed very unusual constant across this bond and suggests that the detailed
for a trans-isomer, we decided to do a solid-state structure conformation of the carbocyclic ring is controlled by steric
determination of tran8e interactions of the alkyl group across the C{&)(6) bond as

The solid-state structure afans-3e is shown in Figure 3, well as the bonding mode to the metal core. The related dihedral
crystal data are given in Table 2, and selected distances andangles ircis-3eare 52 and 5%, respectively. The other features
bond angles are listed in Table 5. The geometry across theof the structure are virtually identical wittis-3e.

Figure 2. Solid-state structure of Q&O)(us-17°-CoHs(6-CHs)(5-
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Table 4. Selected Distances (A) and Angles (Deg) fis-3¢* Table 5. Selected Distances (A) and Bond Angles (Deg) for
distances trans 3¢
Os(1)-0s(2) 2.886(2) C(HC(8) 1.35(3) distances
Os(1)-0s(3) 2.851(2) C(5)C(6) 1.52(3) Os(1)-0s(2) 2.789(1) C(AHC(8) 1.37(2)
0Os(2)-0s(3) 2.776(2) C(6)C(7) 1.54(3) Os(1)-0s(3) 2.840(1) C(6)C(7) 1.55(2)
Os(1)-C(8) 2.16(3) C(5)-C(10) 1.58(3) Os(2)-0s(3) 2.880(1) C(5yC(6) 1.55(2)
Os(1)-C(7) 2.43(3) C(5%-C(40) 1.65(4) Os(1)-C(8) 2.11(1) C(5¥C(10) 1.52(2)
Os(3)-C(8) 2.09(2) C(6)-C(44) 1.42(3) Os(3)-C(8) 2.26(1) C(5)-C(40) 1.56(3)
Os(2)-N(1) 2.18(2) C(9)-N(1) 1.33(3) Os(3)-C(7) 2.45(2) C(6)-C(44) 1.54(3)
Os-COoP 1.86(3) C(9)-C(10) 1.40(3) Os(2)-N(2) 2.18(1) C(9)-N(1) 1.30(3)
c-0Ob 1.16 (2) Os-COP 1.91(2) C-or 1.14(2)
angles angles
Os(1)-0s(2)-0s(3) 60.44(5) C(6)C(7)—-C(8) 127(2) 0Os(1)-0s(2)-0s(3) 60.09(3) C(6)C(7)—C(8) 124(1)
Os(1)-0s(3)-0s(2) 61.68(5) C(5)C(6)—C(7) 107(2) Os(1)-0s(3)-0s(2) 58.37(3) C(5yC(6)-C(7) 109(1)
Os(2)-0s(1)-0s(3) 57.88(5) C(6)C(5)—C(10) 110(2) 0Os(2)-0s(1)-0s(3) 61.54(3) C(6)C(5)—C(10) 109(1)
Os(1)-C(7)—-C(8) 62(2) C(10)-C(5)—C(40) 106(2) Os(1)-C(8)—-C(7) 123(1) C(10y-C(5)-C(40) 112(1)
Os(1)-C(8)-C(7) 84(2) C(2»-N(1)—C(9) 126(2) Os(3)-C(8)—C(7) 80(1) C(2>N(1)—C(9) 120(1)
Os(3)-C(8)—C(7) 126(2) Os(3-C(7)—-C(8) 65(1)
0s(3)-0s(2)-N(1) 84.5(5) Os(1)-0s(2)-N(1) 84.2(4)
Os—-C—0P 173(3) Os-C-0P 177(2)
aNumbers in parentheses are average standard devidtiamsrage aNumbers in parentheses are average standard devigtianerage
values. values.
CH,CO,'Bu
CH;0 N
N’
\ * /
——/(?s— —0Os-
CH;0 A H\\\OS/,
AN
N i
\ ¥, LiCH,CO,'Bu ! (10)
-0s—\—0s- ————=» +
ANVZEE 1
H-5¢ CH,CO, Bu
7/ \ ~ HO N
1f N
\ ¥ /
ANVZE

1j
Figure 3. Solid-state structure of Q& O)(us-17°-CoHe(6-CHs)(5- . . . .
C(CHs)o,CN)N)(u-H), trans-3e, showing the calculated position of the ~ WOrkup on silica gel. The facile oxidation (dehydrogenation)
hydride. of the intermediate nucleophilic addition product is a result of
i ) . the presence of the stronghrelectron-donating 6-methoxyl

The same reaction sequence with but using LiMe and  group and the alkyl substituent in the 5-position. Small amounts
(CH30)S0,, yieldedtrans-3¢ (eq 9). In this case, alkylation ¢ rearomatized products were also noted in the reactiots of
was also incomplete arga was isolated as a coproduct. The \ith LiCH5 and LiC(CH),CN.
vicinal coupling constant in the case wéns3eis 11.98 Hz, The highly regioselective nature of the nucleophilic additions
indicating that with the smaller methyl group, the carbocycle opserved for structural type regardless of the nature or location
can adopt a conformation in which the hydrogens are ap- of the substituents on the quinoline ring, poses the question as

proximately trans-diaxial! o to what would occur if the 5-position were substituted with a
The anion generated from the treatmentlafwith LiCH3 reasonable leaving group. In the case of halide-substitugf
can also be quenched with acetic anhydride to ¢igasOs- arene complexes, nucleophilic substitution competes with nu-

(COX(uz173-CoHeg(5-CHs)(6-CHCO)N)(u-H), 5. The vicinal  cleophilic additiont4 The reaction oflh with LiC(CHz),CN
coupling constant across the C{S}(6) bond is 12.1 Hz. As  results in nucleophilic addition across the 3,4-bond of the
might be expected, the more sterically compaétebon of quinoline ring to yield Og{(CO)y(u3z-17>-CoHg(5-Cl)(4-C(CH)—
the acetyl group allows the substituents on C(5) and C(6) to CN)N)(u-H), 6, (eq 11). The'H—COSY NMR of 6 clearly
adopt a diequatorial conformation, resulting in a trans-diaxial shows the coupling of the most-downfield aromatic resonance

relationship for the hydrogens on these carbons agréms (i.e., the C(2)-H) to the most-upfield aliphatic resonance and

3€. two separately coupled aromatic resonances. These data are
The reaction oflf with LICH,CO,tBu gives the green  consistent with the structure shown in eq 11. However, as with

aromatized complex QECO)g(uz-177-CoH4(6-OCHs)(5-CH,CO,- 4, the mode of bonding of the ligand to the metal core was not

tBu)N)(u-H) (1i, eq 10) in 54% yield. In addition, 35% of the evident from these data alone and so a solid-state structure of
corresponding phenol, GE€O)g(us-72-CoH4(6-OH)(5-CHCO,- 6 was undertaken.

tBu)N)(u-H), 1j, is also isolated, probably as a result of The solid-state structure @& is shown in Figure 4, crystal
hydrolysis by trace moisture during the acid quench or the data are given in Table 2, and selected distances and bond angles
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Table 6. Selected Distances (A) and Bond Angles (Deg)6or

distances

Os(1)-0s(2) 2.772(1) N(L)}C(2) 1.30(1)
Os(1)-0s(3) 2.756(1) C(2)C(3) 1.50(1)
Os(2)-0s(3) 2.770(1) C(3)C(4) 1.51(2)
Os(1)-C(8) 2.26(1) C(4yC(10) 1.51(1)
Os(3)-C(8) 2.31(1) C(4)-C(40) 1.59(2)
Os(2)-N(1) 2.17(1) C(5r-Cl 1.73(1)
Os-COr 1.92(2) C(5)-C(6) 1.36(2)

c-0OP 1.13(2)

angles

Os(1)-0s(2)-0s(3)  59.65(2) N(BC(@2)-C(3)  122(1)
Os(1)-0s(3)-0s(2)  60.22(2) C(JC(3)-C(4)  112(1)
Os(2)-Os(1)-0s(3)  60.12(2) C(3}C(4)-C(10) 108(1)
0s(1)-C(8)—0s(3) 74.2(3)  C(3YC(4)-C(40) 112(1)

Os(3)-0s(2)-N(1) 84.9(2) C(1e-C(5)-Cl 120(1)
Os(1)-0s(2)-N(1) 82.4(2) C(7>C(8)—C(9) 116(1)
Os-C—-0P 176(1)
aNumbers in parentheses are average standard devidtiansrage
values.

triphenyl methane difficult to separate from the products. An
alternative route is the addition of dichlorodicyanoquinone
(DDQ), followed by an ethanol quench of the resulting
ql 1 C(CH3),CN hydroquinone anion and excess carbanion. Thus, trekdimgth
CITNG LiCH3 and then DDQ/EtOH vyields Q& O)g(uz-172-CoH4(5,6-
CHj3)2N)(u-H), 1m, eq 13). Finally, one can add a deprotonating

Figure 4. Solid-state structure of QO)(us-7?-CoHe(5-Cl)(4-
C(CHs)2CN)N)(u-H), 6, showing the calculated position of the hydride.

(11 CHs N
N
: ¢/ 1.LiCH
~04-\—o¢ L.LiCH;
2. DDQ/EtOH
N /1 ?

are listed in Table 6. The solid-state structure6ofs that
proposed from theH NMR data. The core consists of an le
essentially equilateral triangle with a hydride bridging the Os- ) ) )
(1)-0s(3) edge. The electron-deficient bonds between C(8), agent such as diazabicycloundecane (DBU) to the isolated
Os(1), and Os(3) are slightly asymmetric, and the bond vectors Nucleophilic addition products of tygor 3, followed by DDQ/

are about the same as I, 2.31(1) and 2.26(1) A ir6 and EtOH, as demonstrated witka, which yielded Og(CO)q(us-
2.32(1) and 2.28(1) A ila. The Os(2)-N(1) bond is slightly ~ 7*-CeHs(5-CHg)N)(u-H), 1n, (eq 14). Attempts to rea@or 3
elongated in6 with respect tola (2.17(1) and 2.13(1) A,

respectively), as was observeddis- andtrans-3e The N(1)- H H CH;

C(2) bond, at 1.30(1) A, is typical of a-€N double bond, and H
the remaining bond lengths are unremarkable.
C. Rearomatization of the Nucleophilic Addition Products. / ¥, 1. DBU
The facile rearomatization of the nucleophilic addition product TSHOTEONT

S
-~ - 2. DDQ/EtOH
derived from the addition of LiCRCO»tBu to 1f (eq 11) O§< /' Q

prompted us to attempt to reproduce this process in a deliberate H— 95

manner. Several methods proved adequate for this. The addition

of trityl cation to the anion that resulted from the addition of 2a

alkylating agents RLi (R= n-Bu, CHCO,tBu) to 1a gave the

rearomatized products g{€0)y(us-172-CoHs(5-R)N)(u-H) (1K, with DDQ directly failed. Which is the best route from among

R= "Bu; 1, R = CH,CO,tBu; eq 12) in yields of 53% and these methods remains uncertain at present except that DDQ
seems to tolerate functionality somewhat better and its reaction
R products are easier to separate from the cluster reaction products.
A AN In cases where multiple products result (eq 7), isolation of the
N N nucleophilic addition product followed by treatment with DBU/
o —B{ 1. LiR' 5 %’ (12) DDQ would be the method of choice. o
/} ' 3 Ph,C BF, /IS 'S D. Cleavage of the Functionalized Quinoline from the

¢ Cluster. For this synthetic methodology to be developed as a
|~ S useful tool for synthesis of novel quinoline derivatives, a clean
method for cleavage of the quinoline ligand from the cluster is
la 1k R' = n-Bu required. For the rearomatized derivatives of structural type
11R' = CH,CO,'Bu heating the quinoline cluster complex at 70 in acetonitrile
under an atmosphere of carbon monoxide. This leads to isolation
83%, respectively. In some other cases, we found the coproductof the free quinoline and formation of g€0);,. The Og(CO)2
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Scheme 3 substitution for halogens is a less-accessible pathway for these
R quinoline derivatives than fat-n®-arenes is more difficult to
rationalize but may result from the direction of the electron
N 0sCO polarization being along the reaction coordinate for substitution
SOz in the case of ther-i5-arenes, which is not the case for the
R CoO

CH;);NO / CH,CN
uzn?-quinoline complexes.
These quinoline derivatives also react reasonably well with
methyl and allyl Grignard reagents, whereas th@%-arenes

055(C0) o(CH,CN), do not. This is probably also related to the concentration of the
electron deficiency, as described above. In addition, the carbonyl
C(j ligands on the osmium cluster may be less subject to competitive
N nucleophilic attack than the carbonyls in they®-chromium
-co arenes, given the higher average infrared stretching frequencies
and/or force constants of the osmium cluster @ carbonyl
ligand bonds?
The strictly trans addition of the electrophiles(HCHs",CHs-
CQO") is a consequence of the planar structure of the intermediate
anion (eq 2, Scheme 1). What is a bit surprising here is that,
even with the relatively small methyl group, addition>i95%
trans as detected b{H NMR, whereas with hydride as the
precipitates almost quantitatively from the cooled reaction nycleophile and proton as the electrophile, the stereoselectivity
solution, and the quinoline can be recovered by evaporation of js completely lost, and both cis and trans addition take place to
solvent and filtration through silica if necessary (eq 15). apout the same extehfThese results indicate that the stereo-
selectivity is steric in origin rather than being directed by prior

R coordination of the electrophile to the metal core or the carbonyl
R @\/j ligands. That complexX does not convert t&d is consistent
S
N

N with this interpretation. In the case afn%-arene complexes,
INg guenching with electrophiles other than protons leads primarily
\ v, CH-CN. CO (15) to electrophilic alkylation of the carbanion, owing to the
-~0s—\—O0s- 3 > + . itioH: ’ .
/\\\ | _’0 rever5|b|I|'gy of the 'n.uclelophlllc addI.tIO .Wg see no eV|d'ence
HY) 80°C 0s3(CO)y, for reversible addition in the reaction afwith nucleophiles,
dh although two to three fold excesses of the carbanions were

sometimes necessary to drive the reaction to completion.
Stereoselectiveansacylation is observed fot-15-arenes with

methyl iodide as the electrophile in the presence of carbon
monoxide; in this case, interaction with the carbonyl ligands

Including the aromatization procedures outlined above, suc-
cessful cleavage by this method constitutes a stoichiometric

cycle for selectively alkylating quinolines at the 5-position - . - .
(gcheme 3) UnfortL)J/nate)I/y thi%, r?lethod does not exte?nd 10 the ©" chromium directs the trans additi&hiTopside attack of both
) ! nucleophile and electrophile to give overails addition is

nucleophilic addition products of structural typer 3. Although . s 2

cleavage is observed at elevated pressures of carbon monoxidej?:sg ;\;ﬁd d'rr:):]ge hqac:eghﬁglgciuﬁ(:ggﬂioarfr}%‘ss the 5,6-bond of
the reaction is not clean but results in a mixture of products. U Y phiny . . s

Other approaches to the cleaving of these ligands are currently Overall, there are distinct steric and electronic differences

being explored. between the activation of quinolines by tfz¢n?-bonding mode
to triosmium clusters and the well-knowa5-arene complexes.
Conclusions Of course, none of this chemistry would be possible without

the presence of the third metal atom, which coordinates the
nitrogen lone pair and apparently blocks attack at the 2-position,
the normal site of nucleophilic attack in quinolinédndeed,

this chemistry is extendable to a wide range of benzohetero-
cycles with pyridinyl nitrogens. Thus, the synthetic methodology
outlined here is applicable to quinoxaline, benzothiazole 2-
methyl benzimidazoles, benzotriazoles, and phenanthra#tines

*work that is currently underway in our laboratories.

The three-center, two-electron bonding of the C(8) carbon
of the quinoline ring with two metal atoms of the £3sangle
imparts a significant electron deficiency to C(5) of the quinoline
ring, making it subject to regiospecific attack by a wide range
of carbanions. In sharp contrast to the;5-chromium arenes,
we do not observe lithiation with LiMe or MBu.14 Substitution
is not observed in the case of the 5-haloquinoline derivatives
whereas for ther-r®-arene complex, substitution is competitive
with nucleophilic addition for most nucleophiles with halogen-
substituted arenéd.Substitution of halogen at the 5-position
redirects nucleophilic attack to the 4-position, resulting in  All reactions were carried out under an atmosphere of nitrogen but
nucleophilic addition across the 3,4-double bond after acid were worked up in air. THF was distilled from benzophenone ketyl,
quench. and _methylene chloride and acetonitrile were distilled from calcium

These results suggest that the electron deficiency is concen-ydride.

Frated at the 5-pqsition (and presumaply the 7-position, yvhich (18) Coleman, J. P.. Hegedus, L. S.; Norton, J. R.. Fink, Fei@ciples

is apparently sterically blocked). The failure to observe lithiation and Applications of Organotransition Metal Chemistgniversity Science
even with small, relatively hard carbanions probably reflects Books: Mill Valley, CA, 1987; Chapter 3, p 96.

this concentration of the electron deficiency, whereas in the 1Oé12)5,§§mme'ha°k' M. F.; Sanfert, W.; Keller.L.Am. Chem. Sot98Q
m-coordinated arenes, the electron-withdrawing effect of the ™ %0 kabir, S. E.; Abedin, Md. J.; Rosenberg, E.; Hardcastle, K. .
metal is distributed among all 6 carbon atoms. The fact that Submitted for publication.

Experimental Section
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Infrared spectra were recorded on a Perkin-Elmer 1600 FT-IR
spectrometer antH and*3C NMR were recorded on a Varian Unity

Bergman et al.

Compoundlf. Yield: 56.1%. Anal. Calcd for @H¢NO,Oss: C,
23.21; H, 0.91; N, 1.43. Found: C, 22.58; H, 0.87; N, 1.15.4FkCQ)

Plus 400. Elemental analyses were done by Schwarzkopf Microana-in hexane: 2102 (m), 2077 (s), 2047 (s), 2019 (s), 1989 (br)Lctal

lytical Labs (Woodside, NY). Chemical shifts are reported downfield

NMR in CDCls: ¢ 9.04 (d, H(2)), 8.06 (d, H(7)), 7.92 (dd, H(4)), 7.53

positive relative to tetramethylsilane, and coupling constants are reported(d, H(5)), 7.04 (dd, H(3)), 3.89 (s, OGH—12.27 (s, hydride).

only for those resonances relevant to the stereochemistry; finally, only
the multiplicities of resonances with standard couplings are reported.

CompoundLh. Yield: 69.7%. Anal. Calcd for @HsCINOyOss: C,
21.90; H, 0.61; N, 1.41. Found: C, 22.66; H, 0.71; N, 1.37.}RCQ)

Osmium carbonyl was purchased from Strem Chemical, used asin hexane: 2078 (m), 2049 (s), 2023 (s), 1990 (br) &r'H NMR at

received and converted to @80)(CH;CN), by published proce-
dures?* Quinoline was purchased from Aldrich Chemical and distilled
from calcium hydride before use. The 3-amino, 4-chloro, 6-methoxy,
6-methyl, and 6-chloro quinolines were purchased from Aldrich
Chemical and used as received. The 5-chfrand 4-methoxs?

400 MHz in CDC}: 6 9.33 (dd, H(2)), 8.52 (d, H(6)), 8.48 (dd, H(4)),
7.27 (d, H(7)) 7.20 (t, H(3))712.09 (s, hydride).

Preparation of Os3(CO)g(u3-7%-CoH7(5-R")N)(-H) (2a—2l), Oss-
(CO)g(s-n3-CoHe(R)(R")N)(r-H) (3b, 31, 3c, 3¢, 3d, cis-3d, cis-3e,
cis-3€, 3g, 1i, 1j, 4b, 6).The following procedure was used for the

quinolines were prepared according to literature procedures. DDQ and compounds listed above. @8O)(u3-17>-CoHs(R)N)(u-H) (25—200 mg,
trityl tetrafluoroborate were purchased from Aldrich Chemical and used 0.025-0.20 mmol) was dissolved in 5 mL of THF and cooled+@8

as received. Trifluoroacetic acid and diisopropylamine were purchased °C, at which time a 1.53 molar excess of the appropriate carbanion
from Aldrich Chemical and distilled from phosphorus pentoxide and was added slowly by syringe. The amount of carbanion added was
calcium hydride, respectively, before use. The carbanion reagents LiMe, governed by an observable color change from deep green to dark amber
Li"Bu, Li'BuL, MeMgBr, and allylMgBr were purchased from Aldrich  or orange. The reaction mixture was warmed f&0stirred for 0.25-1

and used as received. The carbanion reagents BzLi and PhLi wereh, cooled again to-78 °C, and quenched with trifluoroacetic acid,
prepared in ether directly before use by reacting the corresponding 10% in excess of the amount of carbanion used. The solution generally
diorganomercury compound (Strem) with lithium metal (Aesar). The turned orange-red as it warmed to room temperature. The clear orange-
other carbanions were generated by deprotonation of their correspondinged solution was then rotary-evaporated, taken up in minimurg- CH

neutral precursor with lithium diisopropyl amide, which was generated
from diisopropylamine and LBu according to published procedures,
except for the carbanions resulting from 1,3-dithiane and vinyl bromide,
which were generated by treatment withiRi and LiBu, respectively,
at—78°C. Preparations of compounds, 1e and1gwere previously
reported? 10

Preparation of Os3(CO)g(uz-172-CoHs(R)N)(u-H) (R = 4-Cl, 1b;
R = 4-OCHjs, 1c; R=6-Cl, 1d; R = 6-OMe, 1f; R = 5-Cl, 1h). The
following procedure was used for synthesizing all of the above-
substituted quinoline triosmium complexess@©)(CH:CN), (0.250-
0.500 g, 0.270.54 mmol) was dissolved in 15800 mL of CHCl,

Cl,, filtered, and then purified by TLC on 0.4 20 x 20 cm or 0.1x

20 x 40 cm silica gel plates with Ci€l./hexane (26-50% CHCIy)

as eluent. In general, one major orange band containing the nucleophilic

addition product was observed in addition to minor amounts of

unconsumed starting material ands(@O)1o(«t-17?-CoHs(R)N) (u-H); in

the case oBd, complex4 was obtained as a yellow band that moved

faster than the major product but slower than the starting material.

Yields are given along with the analytical and spectroscopic data below.
Compound?a. Yield: 65.9% (46.7% when using MeMgBr). Anal.

Calcd for GgH11INOOss: C, 23.58; H, 1.14; N, 1.45. Found: C, 23.86;

H, 0.83; N, 1.38. IR¢ CO) in hexane: 2117 (m), 2078 (s), 2046 (s),

and a 2-fold molar excess of the appropriate quinoline was added. The2024 (s), 1989 (br), 1968 (br) cth *H NMR CDCl: 6 8.41 (d, H(2)),

reaction mixture was stirred for £20 h and then filtered through a
short silica gel column to remove excess ligand. The yellow-green

7.39 (d, H(4)), 6.84 (t, H(3)), 4.09 (t, H(7)) 2.84 (M, H(5)), 2.28 &
1.98 (m, H(6), 2H), 1.17 (d, C¥, —16.99 (s, hydride).

reaction solution was collected in a 500-mL quartz reaction vessel and ~Compound2b. Yield: 44.6%. Anal. Calcd for &H17NOsOss: C,

irradiated in a Rayonet photoreaction chamber fed 2 until no further

26.20; H, 1.69; N, 1.36. Found: C, 26.05; H, 1.67; N, 1.23.4tRCQ)

conversion was detected by analytical TLC. The dark green solution in hexane: 2079 (s), 2047 (s), 2024 (s), 1998 (w), 1991 (br), 1967 (w)
was then filtered through a short silica gel column, concentrated to €M * *H NMR in CDCl;: 6 8.42 (dd, H(2)), 7.36 (dd, H(4)), 6.82 (t,

50—150 mL, and cooled at20 °C to yield 206-300 mg of Og(CO)-
(uan?-CoHs(R)N)(u-H). The mother liquor was rotary evaporated and
taken up in a minimum amount of GHI, and the solution was eluted
on 0.1x 20 x 40 cm silica gel TLC plates with Ci€l,/hexane (26-

H(3)), 4.03 (t, H(7)), 2.52 (m, H(5)), 2.31 (m 2H, Gldn butyl), 1.50
m (H(6), 2H), 1.29 (m, Chl4H), 0.86 (t, CH) —16.99 (s, hydride).
Compound2c. Yield: 51.6%. Anal. Calcd for &H17/NOyOs;: C,
26.16; H, 1.68; N, 1.38. Found: C, 25.82; H, 1.70; N, 1.32.1CQ)

40% CHCLy) as the eluent. Three bands were eluted. The faster-moving in hexane: 2102 (m), 2078 (m), 2057 (w), 2048 (s), 2023 (s), 2003

two yellow bands contained minor amounts of the decacarbonylquino-

line triosmium complexes; the slower-moving dark green band con-
tained an additional product that was crystallized from methylene
chloride hexanes. The combined total yields (based aCQ%;,) of

(w), 1989 (m), 1969 (br) cm. *H NMR in CDCls: ¢ 8.49 (dd, H(2)),

7.36 (dd, H(4)), 6.82 (t, H(3)), 4.06 (t, H(7)), 2.70 & 2.16 (m, H(6),

2H), 2.28 (d, H(5)), 0.934 (s, 9H,GHon 'Bu) —16.95 (s, hydride).
Compound2d. Yield: 48.2%. Anal. Calcd for &H1sNOyOss: C,

the products are listed below with the analytical and spectroscopic data.22.17; H, 1.36; N, 1.27. Found: C, 28.17; H, 1.33; N, 1.29.11RQ)

CompoundLb. Yield: 75.9%. Anal. Calcd for GHsCINOgOss: C,
21.90; H, 0.61; N, 1.41. Found: C, 22.50; H, 0.70; N, 1.38.1tRCQ)
in hexane: 2077 (m), 2050 (s), 2021 (m), 1991 (br), 1969 (w)'cm
IH NMR in CDCls: 0 9.16 (dd, H(2)), 8.83 (dd, H(5)), 8.67 (d, H(7)),
7.29 (dd, H(6)) 7.18 (dd, H(3));-12.06 (s, hydride).

Compoundlc. Yield: 69.0%. Anal. Calcd for GHsNO:,00Oss: C,
23.24; H, 0.91; N, 1.43. Found: C, 23.44; H, 0.93; N, 1.46.1tFCQ)
in hexane: 2075 (m), 2046 (s), 2018 (m), 1988 (bry&ntH NMR in
CDClz: 6 9.03 (d, H(2)), 8.88 (dd, H(5)),8.65 (dd, H(7)), 7.14 (dd,
H(6)), 6.42 (d, H(3), 4.08 (s, OCH —12.01 (s, hydride).

CompoundLd. Yield: 73.6%. Anal. Calcd for GHsCINOgOss: C,
21.90; H, 0.61; N, 1.41. Found: C, 22.90; H, 1.01; N, 1.16.1tFCQ)
in hexane: 2060 (m), 2031 (s), 2027 (s), 1992 (w), 1983 (br)'cthi
NMR in CDCls: 6 9.24 (dd, H(2)), 8.35 (dd overlap, H(5) & H(7)),
7.97 (dd, H(4)), 7.13 (dd, H(3))}-12.12 (s, hydride).

(21) Lewis, J.; Dyson, P. J.; Alexander, B. J.; Johnson, B. F. G.; Martin,

C. M.; Nairn, J. G. M,; Parsini, El. Chem. Soc., Dalton Tran$993 981.
(22) Bradford, L.; Elliot, T. J.; Rowe, F. MJ. Chem. Socl1947, 437.
(23) Backeberg, BJ. Chem. Socl1933 618.

in hexane: 2079 (s), 2046 (s), 2024 (s), 1990 (s), 1967 (br}-cHal
NMR in CDCls: 6 8.40 (dd, H(2)), 6.68 (t, H(3)), 6.97 (dd, H(4)),
2.70 (m, H(5)), 2.27 & 2.12 (m, H(6), 2H), 4.03 (t, H(7)), 7.22 (m,
4H), 6.95 (m, 1H), 2.86 (m, CHof benzyl),—16.99 (s, hydride).

Compound2e Yield: 66.1%. Anal. Calcd for @H1sNOyOs;: C,
27.96; H, 1.26; N, 1.25. Found: C, 27.55; H, 1.33; N, 1.25.4tRCQ)
in hexane: 2079 (s), 2047 (s), 2025 (s), 1991 (s), 1969 (br}-cHal
NMR in CDCls: 6 8.46 (d, H(2)), 7.09-7.32 (m, 5H) 7.03 (d, H(4)),
6.77 (dd, H(3)), 4.02 (m, H(7)), 3.97 (m, H(5)), 2.48 (m, H(6), 2H),
—16.99 (s, hydride).

Compound2f. Yield: 50.8%. Anal. Calcd for &H11NOyOs::C,
24.52; H, 1.12; N, 1.43. Found: C, 24.43; H, 1.07; N, 1.42.4RCQ)
in hexane: 2101 (w), 2079 (s), 2047 (s), 2024 (s), 2001 (w), 1991
(br), 1969 (w) cm. *H NMR in CDCls: 6 8.45 (dd, H(2)), 7.38 (dd,
H(4)), 6.84 (t, H(3)), 5.69 (m, 1H), 5.25 & 5.04 (d, 2H), 4.02 (t, H(7)),
3.42 (m, H(5)), 2.25 (m, H(6), 2H);-17.00 (s, hydride).

Compound2g. Yield: 25.0%. Anal. Calcd for @H17NOyOs;: C,
27.86; H, 1.65; N, 1.35. Found: C, 27.77; H, 1.81; N, 1.16.14RCQ)
in hexane: 2102 (w), 2079 (s), 2046 (s), 2025 (s), 1990 (br), 1968 (w)
cm L IH NMR in CDCls: ¢ 8.42 (dd, H(2)), 7.35 (dd, H(4)), 6.82 (t,
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H(3)), 4.03 (t, H(7)), 2.58 (m, C§}, 2.21 m (H(6), 2H), 1.72 (m, C}),
1.52 (m, H(5)), 1.28 (m, ChJ, 0.978 (t, CH), —17.00 (s, hydride).

Compound2h. Yield: 72.1%. Anal. Calcd for H10N.OgOss: C,
24.16; H, 1.01; N, 2.42. Found: C, 24.07; H, 1.22; N, 2.51.1CQ)
in hexane: 2057 (w), 2048 (s), 2023 (s), 2003 (w), 1991 (m), 1969
(br) cmL. *H NMR at 400 MHz in CDC}: ¢ 8.52 (dd, H(2)), 7.49
(dd, H(4)), 6.92 (t, H(3)), 3.90 (t, H(7)), 3.06 (m, H(5)), 2.39 (m, §H
2.32 (m, H(6), 2H),—17.06 (s, hydride).

Compound2i. Yield: 69.1%. Anal. Calcd for €H14N,040s;: C,
25.90; H, 1.27; N, 2.74. Found: C, 26.04; H, 1.38; N, 2.50.1tFRCQ)
in hexane: 2050 (s), 2025 (s), 2003 (w), 1991 (m), 1969 (br), 1957
(w) cm % *H NMR CDClz: 6 8.58 (d, H(2)), 7.54 (d, H(4)), 6.91 {(t,
H(3)), 3.93 (m, H(7)), 2.81 & 2.64 (dd, H(6), 2H), 2.25 (d, H(5)), 1.42
(s, CH), 1.35 (s, CH), —17.00 (s, hydride).

Compound?j. Yield: 72.4%. Anal. Calcd for €H1sNOgOsS;: C,
24.63; H, 1.40; N, 1.31. Found: C, 24.56; H, 1.34; N, 1.21.1CQ)
in hexane: 2102 (m), 2078 (m), 2057 (w), 2048 (s), 2023 (s), 2003
(w), 1989 (m), 1969 (br) crmt. 'H NMR in CDCls: ¢ 8.45 (dd, H(2)),
7.48 (d, H(4)), 6.83 (t, H(3)), 4.04 (t, H(7)), 4.21 (d, 1H), 1.79 (m,
H(5)), 2.82 (m, 2H), 2.17 (tt, H(6), 2H), 2.05 (m, 2H}17.00 (s,
hydride).

Compound2k. Yield: 85.8%. Anal. Calcd for &HigNO1:0s: C,
26.98; H, 1.78; N, 1.31. Found: C, 27.38; H, 1.55; N, 1.27.1RCQ)
in hexane: 2079 (s), 2047 (s), 2025 (s), 1991 (m), 1969 (br)ctal
NMR in CDClg: 6 8.43 (dd, H(2)), 7.45 (dd, H(4)), 6.82 (t, H(3)),
3.99 (t, H(7)), 3.14 (m, H(5)), 2.45 (dd, H(6), 2H), 2.22 (t, §HL.39
(s, CH, 9H), —17.04 (s, hydride).

Compound2l. Yield: 52.6%. Anal. Calcd for gH1sNOgOss: C,
25.35; H, 1.31; N, 1.41. Found: C, 25.31; H, 1.36; N, 1.31.1tCQ)
in hexane: 2079 (s), 2046 (s), 2024 (s), 1991 (m), 1969 (brictl
NMR in CDClz: ¢ 8.42 (dd, H(2)), 7.33 (dd, H(4)), 6.81 (t, H(3)),
5.64 (m, 1H), 5.05 (m, 2H) 4.01 (t, H(7)), 2.65 (m, H(5)), 2.23 (m,
H(6), 2H), 2.25 (m, CH), —17.00 (s, hydride).

Compound3b. Yield: 53.6%. Anal. Calcd for &H1sCINO;;0ss:
C, 26.08; H, 1.81; N, 1.27. Found: C, 26.12; H, 1.93; N, 1.16.%4R (
CO) in hexane: 2081 (m), 2050 (s), 2028 (s), 2002 (m), 1975 (w),
1968 (w), 1955 (w) cmt. *H NMR CDCl: 6 8.31 (d, H(2)), 6.85 (d,
H(3)), 3.90 (t, H(7)), 3.45 (m, H(5)), 2.46 (m, G} 2.05 (m, H(6),
2H), 1.44 (s, CH, 9H), —17.05 (s, hydride).

Compound3b'. Yield: 67.1%. Anal. Calcd for &H13CIN2Oq0Oss:
C, 25.02; H, 1.23; N, 2.65. Found: C, 24.96; H, 1.15; N, 2.31.1R (
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Compound4. Yield (10 equiv of acid useet 50% of 3d obtained):
36.1%. Anal. Calcd for &H13CIN,OsOss: C, 25.02; H, 1.25; N, 2.65.
Found: C, 25.41; H, 1.31; N, 2.32. IR CO) in hexane: 2101 (s),
2076 (s), 2046 (s), 2015 (s), 1999 (br), 1969 (br)&mH NMR at
400 MHz in CDC}. 6 7.49 (d, H(2)), 7.04 (d, H(4)), 6.69 (s, H(7)),
5.79 (t, H(3)), 3.52 (s, H(5)), 1.18 (s, G 0.88 (s, CH), —13.51 (d,
hydride, J(hydride-hydride)= 1.6 Hz),—14.52 (d, hydride).

Compoundcis-3e Yield: 71.3%. Anal. Calcd for &H16N2,0408s:

C, 26.60; H, 1.54; N, 2.70. Found: C, 26.56; H, 1.53; N, 2.69.1R (
CO) in hexane: 2080 (s), 2050 (s), 2026 (s), 1999 (m), 1990 (br), 1969
(w), 1958 (w) cnt®. 'H NMR in CDClsz: ¢ 8.55 (d, H(2)), 7.42 (d,
H(4)), 6.88 (t, H(3)), 3.64 (d, H(7)), 2.72 (d, H(5)(H(5)—H(6)) =

4.80 Hz), 2.59 (m, (H(6), 2HJ(H(6)—H(7)) = 5.95 Hz), 1.64 (d, CH

on C(6)), 1.40 (s, CHk), 1.32 (s,CH), —17.03 (s, hydride).

Compoundcis-3€. Yield: 67.1%. Anal. Calcd for &H13NOgOss:

C, 24.49; H, 1.32; N, 1.43. Found: C, 24.42; H, 1.07; N, 1.43.4R (
CO) in hexane: 2078 (s), 2047 (s), 2024 (s), 1990 (m), 1968 (br}.cm
IH NMR in CDCl3: 6 8.39 (dd, H(2)), 7.33 (dd, H(4)), 6.78 (it, H(3)),
3.52 (d, H(7)), 2.53 (m, H(5)(H(5)—H(6)) = 4.50 Hz), 2.37 (m, H(6),
J(H(6)—H(7)) = 4.0 Hz), 1.25 (d, Cklon C(6)), 1.04 (d, Cklon C(5)),
—17.02 (s, hydride).

Compoundli. Yield: 54.1%. Anal. Calcd for &HioNO:1.0ss: C,
27.32; H, 1.73; N, 1.27. Found: C, 27.39; H, 1.75; N, 1.29.4FCQ)
in hexane: 2075 (s), 2047 (s), 2019 (s), 1989 (br, m)y’titH NMR
in CDCl;: 6 9.15 (dd, H(2)), 8.36 (s, H(7)), 8.14 (dd, H(4)), 7.08 (tt,
H(3)), 3.95 (s, OCH), 3.77 (s, CH), 1.3 (s,CH, 9H), —11.99 (s,
hydride).

Compoundij. Yield 35.2%. Anal. Calcd for &H;7NO;,0s: C,
26.56; H, 1.57; N, 1.29. Found: C, 27.21; H, 1.45; N, 1.25.44FCQ)
in hexane: 2075 (s), 2048 (s), 2019 (s), 1989 (br, mytiH NMR
in CDCls: 6 9.16 (dd, H(2)), 8.24 (dd, H(4)), 8.22 (s, H(7)), 7.15 (t,
H(3)), 7.81 (s, OH), 3.75 (s, GH 1.406 (s, CH, 9H), —12.27 (s,
hydride).

Compound6. Yield: 65.5%. Anal. Calcd &H13CIN2OsOss. C,
25.02; H, 1.20; N 2.65. Found: C, 25.15; H, 1.09; N, 2.59.4FCQ)
in hexane: 2077 (m), 2050 (s), 2023 (s), 1991 (sytnH NMR in
CDCls: 6 8.78 (dd, H(2)), 8.22 (d, H(6)), 6.96 (d, H(7)), 3.68 (d, H(4)),
3.24 (dd, H(3), 2H), 1.47 (s, Giil 1.28 (s, CH), —12.78 (s, hydride).

Preparation of Os;(CO)o(us-573-CoHg(6-R)(5-R)N)(u-H): trans-
3e, trans-3€, trans-5. la (50—-100 mg, 0.050.100 mmol) was
dissolved in 5 mL of THF, cooled te-78 °C, and treated with a-23

CO) in hexane: 2081 (s), 2050 (s), 2027 (s), 1992 (br), 1972 (w), 1958 molar excess of LiC(Ck2CN or LiCHs. The reaction solution was

(w) cm % 'H NMR at 400 MHz in CDC¥: 6 8.46 (d, H(2)), 6.94 (d,
H(3)), 3.92 (dd, H(7)), 3.17 (m, H(5)), 2.19 (m, H(6), 2H), 1.47 (s,
CHz), 1.43 (s, CH), —17.02 (s, hydride).

Compound3c. Yield: 64.0%. Anal. Calcd for @H21NO:1.0ss: C,
27.32; H, 2.01; N, 1.27. Found: C, 27.81; H, 2.20; N, 1.06.)IRCQ)
in hexane: 2104 (m), 2080 (s), 2048 (s), 2027 (s), 1991 (br)‘cH
NMR in CDClz: 6 8.30 (d, H(2)), 6.32 (d, H(3)), 3.91 (dd, H(7)), 3.82
(s, OCH), 3.43 (m, H(5)), 2.02 (dt, H(6), 2H), 267m & 2.35 (dd,
CH; of tBuAc), 2.12 (s, CH, 9H), —17.06 (s, hydride).

Compound3c. Yield: 72.0%. Anal. Calcd for €H1eN20100s:: C,
26.28; H, 1.42; N, 2.61. Found: C, 26.60; H, 1.22; N, 2.54.11FCQ)
in hexane: 2104 (m), 2088 (s), 2048 (s), 2028 (s), 1990 (brictl
NMR in CDCls: 6 8.43 (d, H(2)), 6.41 (d, H(3)), 4.00 (dd, H(7)), 3.84
(s, OCH), 3.10 (d, H(5)), 2.73 &2.18 (m, (H(6), 2H), 1.37 (s, CHj
1.35 (s, CH), —17.06 (s, hydride).

Compound3g. Yield: 60.1%. Anal. Calcd for &H1sN3OsOss: C,
25.51; H, 1.54; N, 4.05. Found: C, 27.12; H, 1.87; N, 3.75.1Q)
in hexane: 2080 (m), 2049 (s), 2027 (s), 2004 (m), 1992 (s), 1969
(w), 1964 (w),1952 (w) cmt. *H NMR in CDCls: 6 8.06 (d, H(2)),
7.29 (br, NH), 6.73 (s, H(4)), 3.95 (dd, H(7)), 2.71 & 2.25 (m, H(6),
2H), 2.54 (d, H(5)), 1.40 (s, C#} 1.33 (s, CH), —17.01 (s, hydride).

Compoundcis-3d. Yield (1 equiv of acid used~ 10% of 4
obtained): 63.0%. Anal. Calcd for@1;3CIN,OsOss: C, 25.02; H,
1.23; N, 2.65. Found: C, 25.46; H, 1.28; N, 2.19. IR CO) in
hexane: 2102 (m), 2083 (m), 2076 (m), 2051 (s), 2030 (m), 2018 (w),
1995 (br) cm™. IH NMR in CDCl;: 6 8.58 (d, H(2)), 7.51 (d, H(4)),
6.96 (t, H(3)), 4.47 (t, H6)J(H(5)—H(6)) = 5.77 Hz)), 3.74 (d, H(7)),
3.02 (d, H(5)), 1.64 (s, C¥), 1.50 (s, CH), —17.26 (s, hydride).

warmed to (°C, the THF removed by trap distillation, and then 5 mL
of CH.Cl,, with a 2-fold excess (based on the amount of carbanion
used) of dimethyl sulfate or acetic anhydride, was slowly added by
syringe. The reaction mixture was then warmed to room temperature,
rotary-evaporated, taken up in minimum methylene chloride, filtered,
and purified by TLC with CHCl./hexane as eluent. It was not possible
to separatérans-3e andtrans-3€ from 2i and2a, respectively, which
were formed (40% of total yield biH NMR) as a result of incomplete
electrophilic alkylation of the intermediate anion. The two compounds
were separated by preparative HPLC with a reversed-phasm@mn

and 15% water:acetonitrile as eluent. In the casg tfie formation of

2a was also observed~10%) but as a distinct orange band on the
TLC plate. Isolated yields dfans-3e, trans-3€, and5 are given below
with the spectroscopic and analytical data.

Compoundtrans3e Yield: 41.1%. Anal. Calcd for &H1eN2Og-
Os: C, 26.61; H, 1.54; N, 2.70. Found: C, 26.56; H, 1.53; N, 2.69.
IR (v CO) in hexane: 2080 (s), 2050 (s), 2026 (s), 1999 (m), 1990
(br), 1969 (w), 1958 (w) cmt. *H NMR in CDCls: ¢ 8.60 (dd, H(2)),
7.52 (d, H(4)), 6.90 (t, H(3)), 4.54 (d, H(7)), 2.74 (t, H(EYH(6)—
H(7)) = 8.0 Hz), 2.42 (s, H(5)J(H(5)—H(6)) = <1 Hz), 1.05 (d, CH
on C(6)), 1.36 (s, Ch), 1.30 (s, CH), —16.51 (s, hydride).

Compoundtrans-3€. Yield: 30.1%. Anal. Calcd for gH13NOg-
Os: C, 24.49; H, 1.32; N, 1.43. Found: C, 24.41; H, 1.08; N, 1.41.
IR (v CO) in hexane: 2078 (s), 2024 (s), 1990 (m), 1967 (brytm
IH NMR in CDCls: 6 8.40 (dd, H(2)), 7.47 (dd, H(4)), 6.86 (t, H(3)),
3.74 (d, H(7)), 2.55 (m, H(5)}J(H(5)—H(6)) = 11.98 Hz), 1.76 (m,
H(6), J(H(6)—H(7)) = 4.0 Hz), 1.24 (t, CHon C(6)), 1.15 (d, Cklon
C(5)), —17.01 (s, hydride).
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Compoundrans5. Yield: 56.7%. Anal. Calcd for gH13NO;00ss:

C, 24.95; H, 1.29; N, 1.39. Found: C, 25.31; H, 1.18; N, 1.27.1R (
CO) in hexane: 2080 (s), 2049 (s), 2026 (s), 1991 (m), 1967 {w).
NMR in CDClz: 0 8.42 (d, H(2)), 7.48 (d, H(4)), 6.92 (t, H(3)), 3.60
(d, H(7)), 3.18 (m, H(5)J(H(5)—H(6)) = 12.12 Hz), 2.73 (m, (H(6)),
J(H(6)—H(7)) = 4.40 Hz), 2.36 (s, COC}¥), 1.12 (d, CH), —17.12 (s,
hydride).

Preparation of Os3(CO)g(u3-17%-CoHs(5-R)N)(e-H) (R’ = nBu, 1k;
CH.CO4tBu, 1l); Rearomatization of the Nucleophilic Addition
Products with PhsCBF,4. 1a (50 mg, 0.025 mmol) in 5 mL of THF
was treated with a 2-fold molar excess of LiIR{R-Bu, CHCO,tBu)
at —78 °C. The reaction solution was warmed t6© and the solvent
removed by trap-to-trap distillation. Then 5 mL of @, was added,
followed by 2.1 equivalents of RB*BF,~ (based onla) as a solid.
The reaction mixture was stirred for 30 min, rotary-evaporated, and
then purified by TLC with CHCl./hexane (50% CkCl,) as eluent to
yield one major band (3635 mg, 55-60%) of Og(CO)(uz-17>-CoHs-
(RON)(u-H) (R = nBu, 1k; CH,CO,tBu, 1l). Additional minor bands
for products derived from the trityl cation were also presentQPh
PhC—nBu or PRC—CH,CO,tBu).

Compoundlk. Yield: 53.2%. Anal. Calcd for &Hi1sNOyOss: C,
26.21; H, 1.49; N, 1.39. Found: C, 26.05; H, 1.70; N, 1.27.1FCQ)
in hexane: 2077 (s), 2047 (s), 2019 (m), 1990 (my&rtH NMR in
CDCl3: 6 9.27 (dd, H(2)), 8.49 (d, H(6)), 8.27 (dd, H(4)), 7.13 (t,
H(3)), 7.04 (d, H(7)), 2.78 (t, Cton C(5)), 1.68-1.45 (m, CH, 4H),
0.957 (t, CH), —12.29 (s, hydride).

Compoundll. Yield: 83.4%. Anal. Calcd for @H17NO1,0s:: C,
26.64; H, 1.66; N, 1.29. Found: C, 27.64; H, 1.58; N, 1.23.1lkCQ)
in hexane: 2075 (m), 2047 (s), 2018 (m), 1990 (s), 1973 (br)'cthl
NMR in CDCl;: 6 9.29 (dd, H(2)), 8.53 (d, H(6)), 8.25 (dd, H(4)),
7.14 (t, H(3)), 7.08 (d, H(7)), 3.75 (s, GH 1.32 (s, CH, 9H), —12.24
(s, hydride).

Preparation of Os3(CO)g(u3-17?-CoHa(5,6-CHg)oN)(u-H) (1m):
Rearomatization with DDQ. 1e (50 mg, 0.025 mmol) in 5 mL of
THF was treated with a 2-fold molar excess of LiCiH THF/hexane
at —78 °C. The reaction mixture was warmed to room temperature
and the solvent removed by trap-to-trap distillation. To the reaction
residue, 5 mL of absolute ethanol was added, followed by 1.1
equivalents of DDQ in 1.0 mL of absolute ethanol. The reaction mixture
was stirred for 20 min, then rotary-evaporated, taken up in a minimum
amount of CHCI,, filtered, and purified by TLC with 1:1 CCl:
hexane as eluent. In addition to a minor amourit®fone major green
band forlm was isolated, 33 mg (58%).

Compoundlm. Anal. Calcd for GgH1iINOgOss: C, 24.48; H, 1.12;

N, 1.43. Found: C, 24.37; H, 0.97; N, 1.42. IR CO) in hexane:
2075 (s), 2045 (s), 2017 (m), 1987 (br, m) T'H NMR in CDCls:

0 9.19 (dd, H(2)), 8.34 (s, H(7)), 8.27 (dd, H(4)), 7.08 (t, H(3)), 2.54
(s, CH; on C(5)), 2.24 (s, Cklon C(6)),—12.29 (s, hydride).

Reaction of Og(CO)e(u3-173-CoH(5-CH3)N), 2a, with DBU/DDQ.

To 50.0 mg (0.025 mmol) oRa in 5 mL of CH,CIl, was added 1.1
equivalent DBU by syringe. The solution was stirred for 5 min and
then 1.1 equivalent of DDQ in 1.0 mL of absolute ethanol was added
by syringe. The reaction mixture turned dark green almost immediately;
it was stirred for 1 h, rotary-evaporated, and then purified by TLC with
1:1 CHCly:hexane as eluent. One major band of 36 mg was isolated,
which was identified as QECO)(us-17%-CoHs(5-CHg)N)(1-H), 1n.

Compoundln. Yield: 67.3%. Anal. Calcd for @HNOOs: C,
23.62; H, 0.932; N, 1.45. Found: C, 23.94; H, 1.00; N, 1.45. 4R (

(24) Sheldrick, G. MActa Crystallogr.1990 A46, 467.

(25) Sheldrick, G. M. Program for Structure Refinement, University of
Goettingen, Germany, 1993.

(26) Wilson, A. J. C., Edinternational Tables for X-ray Crystallography
Kluwer Academic Publishers: Dordrecht: 1992; Vol. C, Tables 6.1.1.4
(pp 500-502) and 4.2.6.8 (pp 21222).

(27) Fair, C. Kay.MolEN Structure Determination Syster&nraf-
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CO) in hexane: 2075 (s), 2046 (s), 2018 (m), 1990 (br, my'cAH
NMR in CDCls: 8, 8.25 (dd, H(2)), 8.19 (dd, H(4)), 7.97 (d, H(7)),
7.18 (d, H(6)), 7.06 (dd, H(3)), 3.15 (s, GK —12.851 (s, hydride).

Cleavage of the Quinoline Ligand from Og(CO)g(u3-5>-CoHs-
(5-R)N)(u-H) (R = H, 1a; nBu, 1k; CH,CO.tBu, 1l). The following
procedure, given here fota, worked equally well for the other
complexes of typd. 1a (100 mg, 0.10 mmol) was dissolved in 15 mL
of CH;CN and degassed with CO. The initially deep green solution
turned bright yellow and was stirred at 7C€ for 36 h under a CO
atmosphere, during which time a precipitate 0§(@®).> began to form.

The paler yellow solution was cooled t620 °C to complete the
precipitation of the carbonyl, filtered, rotary-evaporated, and extracted
with hexane. The residue from the extraction was combined with the
initial precipitate to yield 61 mg (75%) of pure (by IR) §€80O)..
Rotary evaporation of the hexane extract yielded 9.2 mg (80%) of
quinoline, which was>95% pure by*H NMR.

X-ray Structure Determination of cis-3e, trans-3e, 4, and 6.
Crystals ofcis-3e trans-3e 4, and 6 for X-ray examination were
obtained from saturated solutions of each in hexane/dichloromethane
solvent systems at20 °C. Suitable crystals of each were mounted on
glass fibers, placed in a goniometer head on the Enraf-Nonius CAD4
diffractometer, and centered optically. Unit cell parameters and an
orientation matrix for data collection were obtained by using the
centering program in the CAD4 system. Details of the crystal data are
given in Table 2. For each crystal, the actual scan range was calculated
by scan width= scan range- 0.35 tand, backgrounds were measured
by using the moving-crystal moving-counter technique at the beginning
and end of each scan. Two representative reflections were monitored
evely 2 h as acheck on instrument and crystal stability. Lorentz,
polarization, and decay corrections were applied, as was an empirical
absorption correction based on a serieslbbcans, for each crystal.
The weighting scheme used during refinement wag, ldased on
counting statistics.

Each of the structures was solved by the Patterson method with use
of SHELXS-862* which revealed the positions of the metal atoms. All
other nonhydrogen atoms were found by successive-difference Fourier
syntheses. The expected hydride positions in each were calculated by
using the program HYDEX? hydrogen atoms were included in each
structure and were placed in their expected chemical positions by using
the HFIX command in SHELXL-93° The hydrides were given fixed
positions and U’s; other hydrogen atoms were included as riding atoms
in the final least squares refinements with thermal parameters that were
related to the atoms ridden on. All other nonhydrogen atoms were
refined anisotropically itrans-3e, 4, and6; however, only the osmium
atoms incis-3e could be refined anistropically, given to the poor
crystallinity of the sample. In addition, dichloromethane solvent was
present in the lattice dfans-3e which could not be modeled precisely.

Scattering factors and anomalous dispersion coefficients were taken
from International Tables for X-ray CrystallograptyAll data process-
ing was carried out on a DEC 3000 AXP computer using the Open
MolEN system of program&. Structure solution, refinement, and
preparation of figures and tables for publication were carried out on
PCs using SHELXS-88, SHELXL-932% and SHELXTL/PC8 pro-
grams.
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