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Abstract

Tricarbonyl(y %-indole)chromium(0) complexes substituted at the C2 and/or C3 positions have been reduced to the correspond-
ing indoline complexes by the action of a hydride donor in trifluoroacetic acid. NaBH;CN and NaBH, were found to be superior
to Et;SiH as hydride sources. In general, reductions involving the use of NaBH;CN were found to occur with greater
stereoselectivity as compared to reductions using NaBH,. With certain (indole)chromium complexes, this stereoselectivity was a
result of preferential hydride addition from the endo face, as revealed by single crystal X-ray analysis. © 1998 Elsevier Science S.A.

All rights reserved.
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1. Introduction

The chemistry of tricarbonyl(yn®-arene)chromium(0)
complexes continues to attract a great deal of atten-
tion and these materials have emerged as versatile
intermediates in organic synthesis [1]. Coordination of
an arene moiety to the Cr(CO), fragment renders the
ring susceptible to lithiation as well as substitution by
nucleophilic addition with high levels of regioselectivity
[2]. In addition, the steric bulk of the metal frag-
ment coupled to an ability to stabilize both positive
and negative charge at benzylic positions facilitates
stereocontrolled manipulation of functionality at sites
adjacent to the arene ring [3]. Furthermore, the acces-
sibility of enantiomerically pure planar-chiral arene-
chromium complexes has resulted in the development
of new methodologies for asymmetric synthesis [1-3].

In connection with a program involving manipula-
tion of (y°%-indoline)metal complexes, we required ac-
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cess to a variety of substituted (#°-indoline)Cr(CO),
derivatives. Rather than preparing the indoline lig-
ands in anticipation of subsequent complexation with
a Cr(CO); fragment, we instead envisioned an ap-
proach which involved the reduction of the corre-
sponding (indole)Cr(CO); complexes, in turn obtained
from readily available indole precursors. (In-
dole)Cr(CO); complexes are  well-characterized
organometallic species and have proven to be particu-
larly useful intermediates in the synthesis of C4 and
C7 substituted indole derivatives [4]. Significantly,
however, the manipulation of (indole)Cr(CO); com-
plexes at positions adjacent to the aromatic ring (i.e.
C2 and C3) has been scarcely explored [4]c. Reactions
at these positions which deliver a saturated 5-mem-
bered ring would be expected to proceed with high
levels of stereoselection given the presence of the
metal center [1,3]; thus, a general means for con-
tolling the relative (and potentially absolute) stereo-
chemistry of the indoline ring system in these
complexes might be realized. As an initial test of the
efficacy of this approach, we have examined the re-
duction of several (indole)Cr(CO); derivatives.
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2. Results and discussion

Indoles are typically reduced to indolines by treat-
ment with a hydride reagent under acidic conditions [5].
Deuterium labeling studies indicate the reaction pro-
ceeds via initial protonation at C3 to generate an
indolenium ion which is subsequently reduced by the
hydride donor [6]. Accepting this mechanistic rationale,
there were two principle concerns regarding the viabil-
ity of this protocol for the reduction of (in-
dole)chromium complexes. Firstly, there was no
certainty that the metal complexes would be stable to
the necessary acidic reaction conditions. Secondly, the
Cr(CO), fragment acts as a powerful electron with-
drawing group and may reduce the nucleophilicity of
the C2—-C3 7z bond to such an extent that protonation
at C3 is precluded [1-3]. Consequently, initial studies
were performed on readily available (N-methylin-
dole)Cr(CO); 1 [7].

Addition of NaBH, to a degassed solution of 1 in
acetic acid according to the procedure of Gribble [6]
resulted only in recovery of unreacted starting material,
even after prolonged reaction times and heating of the
reaction mixture. Thus, while 1 remained intact under
these conditions, it appeared that C3 protonation was
indeed problematic. Application of a procedure re-
ported by Ketcha for the reduction of electron deficient
indoles was next examined [8]. Gratifyingly, addition of
1 to a degassed solution of trifluoroacetic acid (TFA) at
0°C resulted in immediate formation of a wine-red
solution, presumably indicative of the intermediate in-
dolenium ion. Careful addition of an excess (~5 equiva-
lents) of NaBH;CN led to the rapid discharge of the
red color concomitant with formation of the indoline
complex 2 [9], isolated in 93% yield after aqueous

work-up (Eq. (1)).
(1

4
Cr(CO); CHs

3
5 5 TFA
1
&5 N NaBHCN
1 2

dr(CO)s CH3 93%

With an efficient procedure in hand, the reduction of
(indole)Cr(CO), complexes bearing substituents at the
C2 and/or C3 positions was examined and the results of
these efforts are summarized in Table 1. All of the
chromium complexes used as starting materials were
easily prepared from the corresponding indole and
Cr(CO), using standard procedures [4]c. At the outset,
it was anticipated that these reductions would proceed
with high levels of stercoselectivity in line with the
well-known ability of the Cr(CO), fragment to serve as
a stereodirecting group [1,3]. Reduction of the 3-
methylindole complex 3, however, afforded only a 1.7:1
mixture of indoline complexes 4 and 5, albeit in quite
acceptable (75%) isolated yield. Stereochemical assign-

ment of the products was made based upon comparison
of the '"H-NMR chemical shift of the 3-methyl sub-
stituent. Endo oriented groups are observed to resonate
at lower field than their analogous exo isomers due to
the deshielding effect of the Cr(CO); moiety [10]. While
the major isomer 4 was formed through the expected
reaction manifold involving C3 protonation from the
sterically less hindered exo face (i.e. the face opposite
the metal) the overall stereoselectivity was low, perhaps
due to equilibration of the initially formed indolenium
ion [6]. Reduction of the 2-methylindole isomer was
found to proceed with much greater selectivity (entry
2), yielding a 4.5:1 mixture of isomers (as determined
by 'H-NMR). Surprisingly however, the major product
was found to be the exo isomer 7, resulting from
hydride addition to the putative indolenium ion from
the sterically more hindered endo face. This stereochem-
ical assignment was subsequently confirmed by X-ray
crystal structure analysis of 7 after chromatographic
separation of the products (Fig. 1). The crystal data for
7 are shown in Table 2. The origin of this unusual
stereochemical outcome is neither readily apparent nor
easily rationalized [11]. Nucleophilic additions (includ-
ing hydride additions) to functional groups at benzylic
or homobenzylic positions of (arene)Cr(CO); com-
plexes are well-known to proceed predominantly or
exclusively via attack from the exo face [1,3]; including
additions to structurally related spiroindolenine- and
phenyl(imine)Cr(CO), derivatives [12,13]. Hydride ad-
dition to a CO ligand to form a metal formyl species
capable of acting as a hydride delivery agent is unprece-
dented in reactions involving (arene)Cr(CO); complexes
and is therefore highly unlikely. Chromium-hydride
(Cr—H) complexes have been prepared from
(arene)Cr(CO), derivatives and organosilanes under
photochemical reaction conditions [14], but it seems
improbable that such complexes would be formed un-
der the reaction conditions used in this study. Instead,
it appears the nature of the reducing agent plays a
critical role in determining product stereochemistry
(vide infra).

The 2,3-dimethylindole complex 9 was found to un-
dergo reduction with no stereoselectivity as TLC and
'H-NMR revealed a complex mixture of what appeared
to be all four possible stercoisomers (10) with none
predominating. This lack of stereoselectivity was confi-
rmed by oxidative removal of the metal center [3]c to
give a 1:1 ratio of cis and trans indolines 11 (Eq. (2)).

CHj CHg
h
CH3 v (:Eg*cm @
> N air N
Cs(C0O); CHs 86% CHy
1
10 1:1 cis:trans

In contrast, exposure of tetrahydrocarbazole complex
12 to these reaction conditions resulted in formation of
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Table 1

Reduction of (5 °-indole)Cr(CO); complexes with NaBH;CN in TFA

Entry Starting complex

Product(s)

Yield(%)

-

Cr(CO)3 CHj

o el

Cr(co); CHs Cr(CO)3 CHs;
(1.7 5 (1.0)

Cr(CO)3

CH3
3 CH3
> N

Cr(co); CHs
9

e
p N
Cr(co); CHs

12

NCHs
s
. N

Cr(co); CHs
14

NCH;
:
> N

c'r(CO)3 CH3

NE "
7 -
N H

Cr(CO)3 CHs
17 (5.4)

Cr(CO)3 CHa
16 (E = CO,Me)

a single cis-fused stereoisomer 13. As the reduction of
this ring system in the absence of metal complexation
also generates a cis ring fusion [5], this stereochemistry
was not unexpected. The interesting and unusual fea-
ture of this reaction was that the reduction had oc-
curred exclusively from the endo face (as confirmed by
X-ray cystallography [15]). A possible explanation for
this outcome involves initial equilibration of indole-
nium ion intermediates such that the smallest C3 sub-
stituent (i.e. H) occupies the endo position. Hydride
addition from the endo face then ensues to provide the
preferred cis ring fusion.

Cr(CO)3 CHz
6 7 (45)

Cr(CO)3 CH3
8 (1.0

CHs
CH3 85
> N

Cr(co); CHs

10

N 84
Cr(CO)3 CHs
13
NR. -
N.R. -
83

Cr(CO)3
18 (1.0)

As a final test of the scope of this reduction proce-
dure, chromium complexes of the carboline ring system
also were examined. As shown in entries 5 and 6, y and
f N-methylcarboline complexes 14 and 15 failed to
react. However, the less basic carbamate substituted
complex 16 underwent smooth reduction to afford a
chromatograhphically separable 5.4:1 mixture of cis-
fused isomers. The stereochemistry of the minor isomer
(18) was established by X-ray crystallography and the
molecular structure is shown in Fig. 2. The crystal data
for 18 also are provided in Table 2. That the major
product 17 was the isomeric cis-fused complex was
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Fig. 1. Molecular structure of 7 (50% thermal ellipsoids). Selected
bond distances (A): Cr-C4 2.217; Cr—C5 2.223; Cr-C6 2.204; Cr—
C7 2.268; Cr—C8 2.333; Cr-C9 2.258; Cr—C12 1.819; Cr—C13 1.840;
Cr-Cl4 1.848.

established by comparison of the metal-free arenes ob-
tained from both 17 and 18, which were identical by
'H- and *C-NMR (Eq. (3)).

H
NE
hv hv
17— — 18 Q)
air N H air
94% CHa 95%
19E= COch3
Table 2

Crystal data for complexes 7 and 18

7 18

Molecular formula C;3H;CrNO;  C;H 4CrN,O4

Formula weight 283.24 382.33

T (K) 223(2) 223(2)

Crystal dimensions (mm)  0.30 x0.08 0.20x0.15x0.10
x 0.02

Space group P2,/c P2,/c

Crystal system Monoclinic Monoclinic

a (A) 13.1585(2) 11.3506(2)

b (A) 7.39720(10) 13.8699(2)

¢ (A) 12.75950(10) 10.9771(1)

S (©) 98.7760(10) 105.435(1)

Vol (A% 1227.42(3) 1665.81(4)

z 4 4

Density caled (Mg m—3) 1.533 1.524

Radiation (4, A) Mo-K,, Mo-K, (0.71073)
(0.71073)

u Mo-K,,, cm™1) 9.30 7.18

F (000) 584 792

Scan type w W

26 limit (°) 50 52

Tot. no. of refl. 22315 29918

Independent reflections 2163 3256

R, (F) 7.6% 4.6%

WR, (F?) 18.9% 10.8%

GOF on F? 1.067 1.076

No. of parameters 215 226

Largest diff. peak (cA=3)  1.430 0.314

Fig. 2. Molecular structure of 18 (50% thermal ellipsoids). Selected
bond distances (A): Cr-4 2.332; Cr-CS5 2.266; Cr—C6 2.193; Cr-C7
2.209; Cr-C8 2.228; Cr-C9 2.266; Cr-Cl1 1.835; Cr-C2 1.828;
Cr-C3 1.836.

In this instance the predominant reaction pathway in-
volves reduction of the carboline from the exo face.
Evidently, the presence of the carboline N atom influ-
ences the course of the reaction (as compared to the
carbazole reduction shown in entry 4), perhaps by
inhibiting C3 equilibration.

The choice of NaBH;CN as the hydride source in
these reactions was predicated upon the reported stabil-
ity of this reagent to the acidic reaction conditions [8].
However, the rapidity with which these (indole)Cr(CO),
reductions occur suggested that less toxic and less ex-
pensive NaBH, may serve as a viable alternative reduc-
ing agent. Thus, complexes 6 and 12 were subjected to
the standard reduction conditions (TFA, 0°C) with
NaBH, substituted for NaBH;CN (Eq. (4)). Surpris-
ingly, while the reaction proceeded to produce the
corresponding indoline complexes in virtually quantita-
tive yield, no stereoselectivity was observed for either
substrate. Complex 6 yielded a ~1:1 mixture of C2
epimers 7 and 8 (as determined by 'H-NMR spec-
troscopy) compared to a 4.5:1 ratio when using
NaBH;CN. Complex 12, which was found to undergo
NaBH;CN-mediated reduction with complete stereose-
lectivity, afforded a 1:1 mixture of 13 and 20. The
stereochemistry in 20 was established by X-ray crystal-
lography [15].

TFA
CHs 7+8
> N NaBH
o

CI’(CO)3 CH3 >95% (11 ratio)
6 4
() A )
TFA
N 13 + O
NaBH,4 N TH
~F N o < ooy, CH
CI’(CO)3 CH3 >95% CI’(CO)3 3
12 20

(1:1 ratio)
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The absence of any stereoselectivity in the reductions
involving NaBH,, while unexpected, does seem to
provide some insight into the factors responsible for the
selectivity observed in the NaBH;CN-mediated reduc-
tions. Addition of NaBH, to a solution of acetic acid
(and presumably trifluoroacetic acid as well) is known
to result in rapid evolution of 3 equivalents of H, with
concomitant formation of triacetoxyborohydride [16].
It seems reasonable to expect that some sort of acetoxy-
borohydride is also being generated from NaBH;CN;
however, this species must be sufficiently different (per-
haps due to the presence of a CN ligand) as to result in
a more selective (perhaps less reactive) reducing agent
relative to NaBH,. The reasons for the endo selectivity
exhibited by the NaBH;CN/TFA reagent combination,
especially with regard to the reduction of a conforma-
tionally unbiased indole complex such as 6, remain
obscure. Perhaps solvation of the intermediate indole-
nium ion and/or boron-nitrogen pairing result in in-
creased steric bulk at the exo face, thereby causing the
reduction to occur predominantly from the endo face.
The steric environment and/or basicity of the indole
nitrogen atom must also play a role as reduction of the
carbamate derivative 21 with NaBH;CN was found to
yield a 1:1 mixture of indoline complexes 22 and 23
(Eq. (5)). It also should be pointed out that the differ-
ent selectivities observed when using NaBH, and
NaBH;CN would seem to rule out the possibility that
these reductions are proceeding through initial protona-
tion at C2 followed by hydride addition to C3 [17].

®)

TFA
CH3____, cH3
, NaBHiCN PN

N
Cico)y €OCHs  g39  CicO); COLCHs
21 22 (exo CH3)

23 (endo CHs3)
22:23=1:1

Finally, in an effort to determine if some sort of
‘Cr—H’ species may be playing a role in these reduc-
tions, the use of Et;SiH as a hydride source was exam-
ined [18]. As mentioned previously, chromium hydrides
have Dbeen obtained from organosilanes and
(arene)Cr(CO); complexes [14]. Additionally, Et;SiH
has been used for the reduction of benzylic cations
generated from arene—chromium complexes [3]b. Once
again, 6 and 12 were used as substrates in order to
compare any stereoselectivity pattern. In both in-
stances, a ~1:1 mixture of the corresponding indolines
was produced (Eq. (6)). Furthermore, this reagent com-
bination resulted in greatly diminished yields and re-
quired prolonged reaction times. Given the lack of any
stereoselectivity in these organosilane reductions, the
intervention of metal-hydride intermediates seems
unlikely.

TFA
CHs 7+8
N EtsSiH

C,r(CO)3 CHs 46% (1:1 ratio)

6
(6)

. TFA

O > Et3SiH 13+ 20

. N 3> (1:1 ratio)
CIT(CO)3 CH3 43%

12

3. Conclusions

The reagent combination of NaBH;CN in TFA effi-
ciently reduces (indole)Cr(CO); derivatives to the corre-
sponding indoline complexes. With certain substrates
this reduction proceeds with good to excellent levels of
stereoselectivity through a reaction manifold apparently
involving preferential addition of hydride to the nomi-
nally sterically more hindered endo face. It is notewor-
thy, however, that, in general, well defined and
predictable stereoselectivities are absent. These results
are somewhat unexpected given the high degree of
stereocontrol exerted by the Cr(CO); moiety in numer-
ous other closely related processes. Nonetheless, this
study does demonstrate the ability to manipulate the
pyrrole ring of chromium-complexed indoles in a syn-
thetically useful manner. Studies examining alterna-
tive means of functionalizing the indole nucleus ex-
pected to exhibit higher stereoselectivities are currently
underway.

4. Experimental
4.1. General

All reactions were performed under a blanket of dry
dinitrogen. Reagents and solvents available from com-
mercial sources were used as received unless otherwise
noted. Tetrahydrofuran was distilled from a Na/ben-
zophenone ketyl. CDCl; was purified by passage
through a short column of basic alumina. Thin layer
chromatography (TLC) was performed using Whatman
precoated TLC plates, silica gel 60F-254, 0.25 pm thick-
ness. Flash column chromatography was performed
using Selecto Scientific silica gel 60 (230—400 mesh).
'H- and '"*C-NMR spectra were obtained using a
Varian XL-300 spectrometer at 300 and 75 MHz, re-
spectively. Chemical shifts (d) are reported relative to
residual CHCI; (6 =7.26 ppm for 'H and 77.0 ppm
for '3C). Infrared spectra were recorded on a Perkin—
Elmer Model 1600 FTIR spectrophotometer. Melting
points were determined using a Thomas-Hoover melt-
ing point apparatus and are uncorrected. Combustion
analyses were obtained from Atlantic Microlabs, Nor-
cross, GA.
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4.2. General procedure for the synthesis of
(n %-indole)Cr(CO); complexes

All new chromium-indole complexes (except 15) were
prepared from Cr(CO)4 in n-Bu,O/THF according to
the general procedure described by Widdowson [4]c.
The complexes were isolated as yellow to orange solids
by a single recrystallization of the crude reaction mix-
ture. All yields are unoptimized.

4.2.1. Tricarbonyl(n ®-1,3-dimethylindole)chromium(0)
€))

Application of the standard procedure to 1.50 g
(10.33 mmol) 1,3-dimethylindole afforded 1.16 g (40%)
of 3, m.p. 116-119°C (dec). 'H-NMR (CDCl;) § 2.23
(s, 3H), 3.63 (s, 3H), 5.10 (t, 1H, J=6.1 Hz), 5.41 (t,
1H, J=6.0 Hz), 5.99 (d, 1H, J=6.6 Hz), 6.27 (d, 1H,
J=6.6 Hz), 6.81 (s, 1H). *C-NMR (CDCl,) J 9.41,
32.85, 77.18, 86.80, 88.27, 90.79, 100.81, 104.35, 117.51,
131.84, 234.59. IR (thin film) v (cm~") 1962, 1840.
Anal. Calcd. for C;;H;;CrNO;: C 55.52; H 3.94; N
4.98. Found: C 55.45; H 3.91; N 4.91.

4.2.2. Tricarbonyl(n ®-1,2-dimethylindole)chromium(0)
(6)

1.50 g (10.33 mmol) 1,2-dimethylindole afforded 6
(1.27 g, 44%), m.p. 115-117°C (dec). 'H-NMR
(CDCly) 6 2.32 (s, 3H), 3.56 (s, 3H), 5.09 (t, 1H, J=5.9
Hz), 5.34 (t, 1H, J=6.1 Hz), 597 (d, 1H, J=6.9 Hz),
6.06 (s, 1H), 6.28 (d, 1H, J=7.1 Hz). *C-NMR
(CDCly) o 13.18, 29.78, 77.29, 87.54, 89.10, 89.98,
100.97, 101.80, 117.26, 143.70, 235.07. IR (thin film) v
(cm~1) 1928, 1825. Anal. Calcd. for C;3H,,CrNO;: C
55.52; H 3.94; N 4.98. Found: C 55.43; H 4.04; N 4.90.

4.2.3. Tricarbonyl(n ®-1,2,3-trimethylindole )chromium(0)
©)

The general procedure as applied to 1.50 g (9.42
mmol) 1,2,3-trimethylindole yielded 1.76 g (63%) 9,
m.p. 118-122°C (dec). '"H-NMR (CDCl;) § 2.15 (s,
3H), 2.24 (s, 3H), 3.54 (s, 3H), 5.08 (t, 1H, J = 6.0 Hz),
5.35(t, 1H, J=6.4 Hz), 5.96 (d, 1H, J=6.3 Hz), 6.22
(d, 1H, J=7.0 Hz). "*C-NMR (CDCl,) ¢ 8.71, 10.66,
29.92, 77.28, 86.99, 87.86, 90.17, 101.54, 108.43, 117.01,
138.84, 235.23. IR (thin film) v (cm~") 1924, 1825.
Anal. Calcd. for C;,H;CrNO;: C 56.95; H 4.44; N
4.74. Found: C 56.77; H 4.46; N 4.69.

4.2.4. Tricarbonyl(n®N-methyl-1,2,3,4-tetrahy-
drocarbazole)chromium(0) (12)

From 2.00 g (10.80 mmol) N-methyltetrahydrocarba-
zole was obtained 2.65 g (76%) 12, m.p. 120-123°C
(dec). 'H-NMR (CDCly) 6 1.70-2.00 (br. m, 4H),
2.40-2.70 (br. m, 4H), 3.50 (s, 3H), 5.09 (br. s, 1H),
5.32 (br. s, 1H), 6.00 (br. s, 1H), 6.17 (br. s, 1H).
3C-NMR (CDCl;) ¢ 15.40, 20.54, 22.18, 22.48, 29.35,

77.77, 87.35, 87.46, 89.72, 100.83, 111.18, 116.90,
142.15, 235.38. IR (thin film) v (cm—') 1932, 1840.
Anal. Calcd. for C,H;sCrNO;: C 59.81; H 4.71; N
4.36. Found: C 59.95; H 4.72; N 4.33.

4.2.5. Tricarbonyl(n ®-2,5-dimethyl-1,2,3,4-tetrahy-
dro-y-carboline)chromium(0) (14)

Subjection of 1.14 g (5.69 mmol) 2,5-dimethyltetrahy-
dro-y-carboline [19] to the standard complexation pro-
cedure afforded 0.69 g (36%) 14, m.p. 145-148°C.
'"H-NMR (CDCly) § 2.53 (s, 3H), 2.69-2.74 (m, 3H),
2.82-2.87 (m, 1H), 3.46-3.62 (m, 2H), 3.51 (s, 3H),
5.08 (t, 1H, J=5.7 Hz), 5.33 (t, 1H, J=5.5 Hz), 5.99
(d, 1H, J=6.6 Hz), 6.11 (d, 1H, J = 6.0 Hz). >*C-NMR
(CDCly) ¢ 22.93, 29.51, 4542, 50.70, 51.62, 77.57,
87.05, 87.23, 89.87, 98.80, 109.60, 117.00, 140.04,
235.00. IR (thin film) v (cm ~ ') 1940, 1842. Anal. Calcd.
for C,(H,CrN,O;: C 57.14; H 4.80; N 8.33. Found: C
56.92; H 4.84; N 8.22.

4.2.6. Tricarbonyl(n ®-2-carbomethoxy-9-methyl-
1,2,3,4-tetrahydro-f -carboline )chromium(0) (16)

16 (0.93 g, 52%) was obtained from 1.13 g (4.63
mmol) of the corresponding ff-carboline derivative [20],
m.p. 167-168°C (dec). '"H-NMR (CDCl;, mixture of
rotamers) ¢ 2.71 (br. m, 2H), 3.54 (s, 3H), 3.79 (s, 3H),
3.85-3.91 (m, 2H), 4.43 (m, 1H), 4.71 (m, 1H), 5.12 (t,
1H, J=6.4 Hz), 5.36 (t, 1H, J=6.1 Hz), 6.02 (d, 1H,
J=64 Hz), 6.19 (d, 1H, J=63 Hz). *C-NMR
(CDCly) ¢ 21.26, 30.07, 41.54, 41.78, 53.31, 83.17,
87.30, 87.68, 90.28, 99.65, 110.18, 117.24, 137.58,
155.73, 234.91. IR (thin film) v (cm~"') 1942, 1844,
1684. Anal. Calcd. for C;H(CrN,Os: C 53.68; H 4.24;
N 7.37. Found: C 53.61; H 4.25; N 7.25.

4.2.7. Tricarbonyl(n °-N-carbomethoxy-2-
methylindole )chromium(0) (21)

Complex 21 (1.40 g, 82%) was obtained from 1.00 g
(5.28 mmol) N-carbomethoxy-2-methylindole, m.p.
149-150°C (dec). '"H-NMR (CDCl;) J 2.53 (s, 3H),
4.10 (s, 3H), 5.17 (t, 1H, J=6.3 Hz), 5.29 (t, 1H,
J=16.6 Hz), 6.02 (d, 1H, J= 6.6 Hz), 6.15 (s, 1H), 6.79
(d, 1H, J=17.2 Hz). 3C-NMR (CDCly) 6 17.11, 54.47,
83.05, 87.03, 89.39, 90.32, 102.03, 107.83, 114.69,
143.39, 151.66, 234.12. IR (thin film) v (cm~") 1948,
1872, 1846, 1740. Anal. Calcd. for C,,H,,CrNOs: C
51.70; H 3.41; N 4.31. Found: C 51.64; H 3.43; N 4.20.

4.2.8. Tricarbonyl(n®-2,9-dimethyl-1,2,3 4-tetrahy-
dro-p-carboline)chromium(0) (15)

The preparation of 15 using the general procedure
described above was unsuccessful. Thus, the following
procedure was employed: Cr(CO)¢ (1.26 g, 6.27 mmol)
and 40 ml CH;CN were combined in a 250 ml round
bottom flask and vigorously refluxed for 18 h. The
CH,CN was then removed in vacuo to afford
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(CH;CN);Cr(CO), as a yellow solid [21]. The f-carbo-
line derivative [20] in 40 ml of THF was then added
directly to the flask and the resulting mixture was
warmed in a 40°C water bath for 48 h. The THF was
evaporated under reduced pressure and the residue was
mixed with ether and filtered through a pad of Celite®.
The filtrate was concentrated and the residue purified
by flash column chromatography using
EtOAc:Et,O:MeOH (7:2:1) as the ecluent. Fractions
containing the desired complex were combined and
concentrated to afford a yellow solid which was further
purified by recrystallization from CH,Cl,/hexanes. 15
(0.75 g, 53%) was obtained as yellow needles, m.p.
160-161°C. R; (7:2:1 EtOAc:Et,0:MeOH) = 0.20. 'H-
NMR (CDCly) ¢ 2.55 (s, 3H), 2.67-2.83 (m, 4H),
3.38-3.61 (m, 2H), 3.49 (s, 3H), 5.10 (t, 1H, J=6.3
Hz), 5.34 (t, 1H, J=6.5 Hz), 6.00 (d, 1H, J= 6.8 Hz),
6.20 (d, 1H, J=6.4 Hz). *C-NMR (CDCl;) § 21.33,
29.77, 45.84, 51.36, 52.24, 77.78, 87.53, 87.67, 90.18,
100.12, 109.35, 117.37, 139.92, 235.24. IR (thin film) v
(cm—1) 1938, 1846. Anal. Calcd. for C,(H,,CrN,O;: C
57.14; H 4.80; N 8.33. Found: C 57.05; H 4.90; N 8.31.

4.3. General procedure for reduction of
(indole)chromium complexes using NaBH ;CN

The procedure used for the reduction of unsubsti-
tuted indole complex 1 [7] is representative. Approxi-
mately 10 ml of trifluoroacetic acid (TFA) was cooled
to 0°C in an ice bath and deoxygenated by bubbling N,
through the solution for 10 min. Complex 1 (250 mg,
0.94 mmol) was added to the TFA in one portion,
resulting in formation of a deep burgundy solution. An
excess of solid NaBH;CN was then carefully added in
small portions over 15 min until the red color had been
completely discharged (~5 equivalents were necessary).
At this time, TLC indicated complete consumption of
1. The reaction was then quenched by the dropwise
addition of water (25 ml) over 45 min. Ether was then
added and the layers were separated. The yellow or-
ganic solution was washed sequentially with several
portions of H,O, 5% aqueous NaOH solution, H,O,
and brine. The organic phase was then dried over
anhydrous MgSO,, filtered through a pad of basic
alumina, and concentrated under reduced pressure to
afford 2 (235 mg, 93%) as a bright yellow solid. No
further purification was necessary as this material was
homogeneous by 'H-NMR and TLC. The spectral
properties of 2 were identical to those reported in the
literature [9].

4.3.1. Endo- and exo-tricarbonyl(n °-1,3-dimethylindo-
line)chromium(0) (4 and 5)

Using the procedure described above, 3 (300 mg, 1.07
mmol) yielded a 1.7:1.0 mixture of indoline isomers 4
and 5, respectively (226 mg, 75%) which were not

separated. The ratio of 4:5 was determined by compari-
son of the '"H-NMR integrations corresponding to the
3-methyl signal. For the endo 3-methyl isomer 4: 'H-
NMR (CDCly) 6 1.32 (d, 3H, J=6.5 Hz), 2.66 (s, 3H),
2.79 (m, 1H), 3.06 (m, 1H), 3.50 (t, 1H, J=28.8 Hz),
4.63 (d, 1H, J=6.2 Hz), 4.74 (m, 1H), 5.48 (m, 2H).
I3C-NMR (CDCl,) § 17.61, 33.65, 34.41, 61.41, 69.95,
81.71, 92.23, 95.45, 105.51, 137.12, 234.46. exo 3-methyl
isomer 5: 'TH-NMR (CDCl,) § 1.22 (d, 3H, J = 6.9 Hz),
2.66 (s, 3H), 3.02 (m, 1H), 3.16 (m, 1H), 3.40 (t, 1H,
J=238.8 Hz), 4.74 (m, 1H), 4.86 (t, 1H, /= 6.1 Hz), 5.34
(t, 1H, J= 6.3 Hz), 5.53 (m, 1H). *C-NMR (CDCl,) ¢
21.59, 33.65, 34.36, 61.09, 71.58, 83.73, 92.23, 94.36,
104.37, 135.14, 234.34. An analytical sample of the
mixture was obtained by recrystallization from CH,Cl,/
hexanes: IR (thin film) v (cm~!) 1935, 1840. Anal.
Caled. for C;H5CrNO;5: C 55.12; H 4.63; N 4.95.
Found: C 55.21; H 4.57; N 4.89.

4.3.2. Exo- and endo-tricarbonyl(n ®-1,2-dimethylin-
doline)chromium(0) (7 and 8)

Treatment of 6 (300 mg, 1.07 mmol) as described
above afforded a 4.5:1.0 mixture of 7 and 8, respec-
tively (264 mg, 87%). The ratio of products was deter-
mined by comparison of the 'H-NMR integrations
corresponding to the 2-methyl signal. exo isomer 7:
'H-NMR (CDCl,) ¢ 1.30 (d, 3H, J=6.2 Hz), 2.51 (m,
1H), 2.62 (s, 3H), 2.90 (dd, 1H, J=7.5, 15.0 Hz), 3.51
(m, 1H), 4.71 (d, 1H, J=6.6 Hz), 4.87 (t, 1H, J=6.3
Hz), 5.34 (t, 1H, J=6.4 Hz), 5.52 (d, 1H, J=6.2 Hz).
13C-NMR (CDCly) § 18.26, 32.63, 36.04, 61.21, 72.00,
84.13, 92.26, 94.17, 98.60, 136.17, 234.52. endo isomer
8: 'H-NMR (CDCl;) ¢ 1.39 (d, 3H, J= 6.8 Hz), 2.51
(m, 1H), 2.73 (s, 3H), 3.17 (m, 1H), 3.87 (m, 1H), 4.75
(m, 2H), 5.40 (m, 1H), 5.59 (d, 1H, J=6.0 Hz). *C-
NMR (CDCly) ¢ 17.06, 29.95, 35.10, 58.83, 70.17,
82.43, 93.70, 94.79, 96.08, 135.91, 235.18. An analytical
sample of 7 was obtained by flash column chromatog-
raphy (3:1 hexanes:ether, R; = 0.43) followed by recrys-
tallization from ether/hexanes. M.p. 103—105°C (dec).
IR (thin film) v (cm ") 1931, 1833. Anal. Calcd. for
C;sH;5CrNO;: C 55.12; H 4.63; N 4.95. Found: C
54.96; H 4.60; N 4.91.

4.3.3. Tricarbonyl(n ®-1,2,3-trimethylindoline)-
chromium(0) (10)

Complex 9 (500 mg, 1.69 mmol) was treated as
described above to yield 10 (425 mg, 85%) as a complex
mixture of stereoisomers. Without further characteriza-
tion, 10 was dissolved in ether and irradiated with a 125
W tungsten lamp at rt in the presence of air for 48 h.
The oxidized chromium salts were filtered off through a
pad of Celite® and the filtrate was concentrated under
reduced pressure to afford 198 mg (86%) of a 1:1
mixture of cis and trans 1,2,3-trimethylindoline (11),
identical by '"H-NMR to an authentic mixture [22].
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4.3.4. Exo-tricarbonyl(n ®-N-methylhexahy -
drocarbazole)chromium(0) (13)

Reduction of 12 (300 mg, 0.93 mmol) according to
the procedure described above gave 13 (254 mg, 84%).
An analytical sample was obtained by recrystallization
from CH,Cl,/hexanes. M.p. 102-104°C (dec). 'H-
NMR (CDCly) ¢ 1.13-1.27 (m, 3H), 1.52-1.68 (m,
3H), 1.81 (m, 1H), 2.05 (m, 1H), 2.58 (s, 3H), 2.66 (m,
1H), 3.29 (m, 1H), 4.80 (d, 1H, J= 6.8 Hz), 4.90 (t, 1H,
J=06.2 Hz), 537 (t, 1H, J=6.3 Hz), 545 (d, 1H,
J=6.2 Hz). 3C-NMR (CDCl,) § 20.43, 23.59, 24.32,
30.88, 32.06, 38.82, 64.09, 73.71, 84.85, 91.34, 93.87,
105.11, 134.97, 234.69. IR (thin film) v (cm~"') 1947,
1848. Anal. Calcd. for C,(H,,CrNO;: C 59.44; H 5.30;
N 4.33. Found: C 59.41; H 5.34; N 4.26.

4.3.5. Endo- and exo-tricarbonyl(n ®-2-carbomet-
hoxy-9-methylhexahydro-f -carboline )chromium(0)
(17 and 18)

Reduction of 16 (394 mg, 1.04 mmol) produced a
separable 5.4:1.0 mixture of 17 and 18, respectively.
The products were isolated by flash column chromatog-
raphy (1:1 hexanes:Et,O). Major endo isomer 17: 277
mg, 70%. R; (1:1 hexanes:Et,0)=0.10. M.p. 142-
143°C (dec). '"H-NMR (CDCl;, mixture of rotamers) &
2.08 (m, 1H), 2.24 (m, 1H), 2.77 (s, 3H), 3.34 (m, 2H),
3.48 (m, 1H), 3.65 (m, 1H), 3.73 (s, 3H), 3.87 (m, 1H),
4.01 (m, 0.5H), 4.15 (m, 0.5H), 4.63 (m, 2H), 5.60 (m,
2H). BC-NMR (CDCl,, mixture of rotamers) & 28.62,
29.05, 30.44, 36.61, 38.28, 41.78, 52.92, 62.00, 67.77,
79.99, 80.13, 82.90, 94.54, 96.73, 101.03, 156.18, 156.74,
234.72. IR (thin film) v (cm ~"') 1940, 1866, 1842, 1698.
Anal. Caled. for C;H,;CrN,Os: C 53.40; H 4.75; N
7.33. Found: C 53.16; H 4.69; N 7.27. Minor exo
isomer 18: 51 mg, 13%. R; (1:1 hexanes:Et,O) = 0.30.
M.p. 158-159°C (dec). 'H-NMR (CDCl,, mixture of
rotamers) ¢ 1.54 (m, 1H), 1.92 (m, 1H), 2.67 (s, 3H),
3.02 (m, 2H), 3.19 (m, 1H), 3.41 (m, 1H), 3.70 (s, 3H),
3.86 (m, 1H), 4.32 (m, 1H), 4.79 (d, 1H, J=6.6 Hz),
490 (t, 1H, J=6.1 Hz), 5.39 (t, 1H, J=6.2 Hz), 5.51
(d, 1H, J=5.8 Hz). *C-NMR (CDCl;, mixture of
rotamers) o 29.35, 32.39, 37.53, 41.02, 41.79, 52.95,
63.60, 73.14, 84.86, 91.60, 94.31, 102.11, 107.98, 135.13,
156.29, 234.37. IR (thin film) v (cm~") 1948, 1842,
1694. Anal. Calcd. for C,;H,;CrN,O4: C 53.40; H 4.75;
N 7.33. Found: C 53.48; H 4.83; N 7.33. Oxidative
removal of the chromium (as described for 10) from
separate solutions of 17 and 18 afforded the same
carboline derivative (19) in > 90% yield. 'H-NMR
(CDCl,) ¢ 1.60-1.72 (m, 1H), 1.88-1.98 (m, 1H), 2.77
(s, 3H), 3.17-3.41 (m, 4H), 3.59 (m, 1H), 3.70 (s, 3H),
4.08 (m, 1H), 6.51 (d, 1H, J=7.8 Hz), 6.71 (t, 1H,
J=174 Hz), 7.06 (d, 1H, J=7.1 Hz), 7.12 (t, 1H,
J=17.7 Hz).

4.3.6. Exo- and endo-tricarbonyl(n ®-1-carbomet-
hoxy-2-methylindoline )chromium(0) (22 and 23)
Reduction of 21 (300 mg, 0.92 mmol) afforded a
separable, ~1:1 mixture of 22 and 23 in 83% overall
yield. The products were separated by flash column
chromatography (4:1 hexanes:Et,0). The structures
were assigned on the basis of the 'H-NMR chemical
shifts of the 2-methyl substituents (vide supra). exo-
methyl isomer 22: 109 mg, 36%. R; (1:1 hex-
anes:Et,0) =0.42. M.p. 89-90°C (dec). 'H-NMR
(CDCly) ¢ 1.40 (d, 3H, J=6.4 Hz), 2.65 (dd, 1H,
J=135.9, 16.0 Hz), 3.36 (dd, 1H, J=9.5, 16.0 Hz), 3.86
(s, 3H), 4.50 (m, 1H), 4.99 (t, 1H, J=6.3 Hz), 5.36 (t,
1H, J=6.6 Hz), 5.63 (d, 1H, J=6.1 Hz), 6.21 (br. s,
1H). *C-NMR (CDCl,) § 22.20, 35.87, 53.45, 56.29,
80.46, 87.17, 91.75, 92.93, 99.91, 142.78, 153.61, 233.35.
IR (thin film) v (cm ') 1955, 1864, 1716. Anal. Calcd.
for C;,H,;CrNOs: C 51.38; H 4.00; N 4.28. Found: C
51.46; H 4.07; N 4.17. endo-methyl isomer 23: 141 mg,
47%. R (1:1 hexanes:Et,0) =0.26. M.p. 138-140°C
(dec). '"H-NMR (CDCl,) 6 1.52 (d, 3H, J=6.5 Hz),
2.60 (dd, 1H, J=2.8, 16.0 Hz), 3.33 (dd, 1H, J =104,
16.0 Hz), 3.84 (s, 3H), 4.43 (br. m, 1H), 5.03 (t, 1H,
J=6.3 Hz), 538 (t, 1H, J=6.6 Hz), 550 (d, 1H,
J=64 Hz), 646 (br. s, 1H). *C-NMR (CDCl;) ¢
20.28, 34.91, 53.34, 55.26, 81.87, 88.27, 90.69, 92.44,
98.11, 135.90, 153.00, 233.53. IR (thin film) v (cm 1)
1966, 1864, 1716. Anal. Calcd. for C,,H;CrNO,: C
51.38; H 4.00; N 4.28. Found: C 51.35; H 3.99; N 4.22.

4.4. General procedure for reduction of
(indole)chromium complexes using NaBH,

A procedure identical to the one described above was
used except that NaBH, was substituted for
NaBH,CN. Reduction of complex 6 afforded a mixture
of 7 and 8 ( > 95% yield) in a ratio of 1:1 as determined
by 'H-NMR. Reduction of 12 produced a separable 1:1
mixture of 13 and isomeric indoline 20 as determined
by 'H-NMR and X-ray analysis [15]. Spectral and
analytical data for 20 are given below.

4.5. General procedure for reduction of
(indole)chromium complexes using Et;SiH

The procedure used for the reduction of 12 is repre-
sentative. Triethylsilane (2.20 ml, 13.60 mmol) was
added to ~15 ml deoxygenated TFA. Complex 12 (0.55
g, 1.70 mmol) was added in one portion and the
resulting wine-red solution was warmed in a 50-55°C
oil bath. The reaction was monitored by TLC. After 72
h, no starting material remained and the reaction was
allowed to cool to rt. The solution was carefully poured
into ~50 ml of 15% aq. NaOH solution and extracted
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with ether (2 x 50 ml). The combined ether extracts
were washed with brine and dried over anhydrous
MgSO,. Filtration through a pad of basic alumina and
evaporation of the solvent gave an oily yellow solid
which was subjected to flash column chromatography
(3:1 hexanes:CH,Cl,). Two yellow bands were ecluted.
The first (R;=0.31 (3:1 hexanes:Et,0)) was found to
contain indoline complex 13 (115 mg, 21%). The second
fraction (R;=0.21 (3:1 hexanes:Et,0)) consisted of iso-
meric indoline complex 20 (123 mg, 22%). An analytical
sample of 20 was obtained by recrystallization from
ether/hexanes. M.p. 135-138°C (dec). 'H-NMR
(CDCl;) 6 1.44-2.18 (m, 8H), 2.73 (s, 3H), 3.22 (m,
1H), 3.64 (m, 1H), 4.62 (d, 1H, J=7.0 Hz), 4.67 (t, 1H,
J=6.0 Hz), 5.54 (m, 2H). "*C-NMR (CDCl;) § 19.97,
20.28, 20.85, 26.14, 30.06, 37.55, 63.26, 68.70, 80.26,
93.55, 96.21, 101.39, 136.60, 235.10. IR (thin film) v
(cm~1) 1940, 1840. Anal. Calcd. for C,(H,,CrNO;: C
59.44; H 5.30; N 4.33. Found: C 59.48; H 5.37; N 4.40.

The same procedure applied to complex 6 afforded a
1:1 mixture ("H-NMR) of 7 and 8 in 46% overall yield.

4.6. X-ray diffraction data collection for complexes 7
and 18

Crystals of appropriate dimensions were mounted on
glass fibers in random orientation. Preliminary exami-
nation and data collection were performed using a
Siemens SMART Charge Coupled Device (CCD) De-
tector system single crystal X-ray diffractometer using
graphite monochromated Mo-K, radiation equipped
with a sealed tube X-ray source (40 kV x 50 mA) at
— 50°C. Preliminary unit cell constants were deter-
mined with a set of 45 narrow frames (0.3° in w) scans.
A total of 5554 frames of intensity data were collected
with a frame width of 0.3° in w and counting time of 10
s frame ~! at a crystal to detector distance of 4.930 cm.
The double pass method of scanning was used to
exclude any noise. Data were collected for a total time
of 26.2 h. The collected frames were integrated using an
orientation matrix determined from the narrow frame
scans. SMART software package was used for data
collection as well as frame integration [23]. Analysis of
the integrated data did not show any decay. Final cell
constants were determined by a global refinement of
xyz centroids of 8192 reflections (6 < 25.0°). Empirical
absorption correction was applied to the data using
SADABS based upon the Laue symmetry equivalent
reflections [24]. The integration process yielded 22315
and 29918 reflections of which 2163 (20 < 50°) and
3256 (26 < 52°) were independent reflections for 7 and
18, respectively.

Structure solution and refinement were carried out
using the SHELXTL-PLUS (5.03) software package [25].
The structures were solved by Patterson Methods and
refined successfully in the space group P2,/c. Full-ma-

trix least squares refinement was carried out by mini-
mizing Tw(F2— F?)>. The non-hydrogen atoms were
refined anisotropically to convergence. The hydrogen
atoms were refined isotropically for 7 and were treated
using appropriate riding model (AFIX m?) for 18. The
final residual values for 7 and 18 were R(F)="7.6 and
4.6% for 1550 and 2386 observed reflections [/ > 2a([)];
wR(F?) =189 and 10.8% for all data, respectively.
Crystal data and structure refinement parameters are
listed in Table 2. A projection view of the molecules
with non-hydrogen atoms represented by 50% thermal
ellipsoids and showing the atom labeling is shown in
Figs. 1 and 2.

5. Supplementary Material

A complete listing of all cystallographic data, includ-
ing tables of bond distances and angles, atomic coordi-
nates, geometrical parameters, positional and isotropic
displacement coefficients for hydrogen atoms, an-
isotropic displacement coefficients for non-hydrogen
atoms, and calculated and observed structure factors, is
available from the authors upon request. This informa-
tion will be deposited with the Cambridge Crystallo-
graphic Database.
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