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Tetrahydro-�-carbolines, a privileged structural feature in
natural products and pharmaceutically active compounds,
has been the cause for considerable research interest,
spanning many decades. Herein is reported the synthesis of
the structurally closely related compounds denoted as (indol-
2-yl)methanamines, in 99% ee using amino acid starting
materials, coupled with a 9-phenyl-9-fluorenyl (Pf) protect-

Introduction
Tetrahydro-�-carbolines (TH�Cs) comprise a large group

of naturally occurring and synthetic indole alkaloids, the
most simple one being tryptoline 1 (Figure 1). The TH�Cs
represent a privileged structural family containing numer-
ous bioactive substrates. Their pharmacological activity
profile has made them an extensively studied group of com-
pounds as well as attractive targets in organic synthesis dur-
ing several decades and still today nurtures interest within
the scientific community. Notable bioactivities of the
TH�Cs include the classical antihypertensive effects in-
duced by reserpine (not depicted), as well as antiviral,[1] an-
timalarial,[2] and anticancer[3] activities.[4] Additionally, the
block buster drug Tadalafil® 2, used to treat erectile dys-
function, is a tryptophan derived synthetic TH�C.

Herein is presented the synthesis of chiral (indol-2-yl)-
methanamines, structurally closely related to the TH�Cs,
via a chiral pool approach coupled with a 9-phenyl-9-fluor-
enyl (Pf) protecting group strategy, starting from amino ac-
ids (Figure 2).[5]

To date, only one natural product, vinoxine 4,[6] carrying
the (indol-2-yl)methanamine framework, lacking the tryp-
tamine type ethyl bridge, has been characterized. However
some closely related natural products such as cinchonamine
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ing group strategy. Furthermore a conformational study of Pf-
protected �-amino carbonyl compounds were undertaken by
means of DFT refined molecular mechanics calculation, X-
ray crystallography measurements and NMR experiments in
order to elucidate the stereochemical protecting properties
induced by the Pf group.

Figure 1. A selection of TH�Cs and (indol-2-yl)methanamines.

Figure 2. this work: synthesis of (indol-2-yl)methanamines from
amino acids; R = amino acid side chain.

5[7] and guettardine 6[8] along with the polyamine proto-
aculeine B 8[9] have been isolated. Calindol 7, a synthetic
(indol-2-yl)methanamine, has also gained attention due to
its high affinity towards the calcium sensing receptor (Fig-
ure 3).[10] One characteristic feature joining these seemingly
quite different compounds together is the fact that they are
not accessible by conventional TH�C synthetic routes (such
as the Pictet–Spengler or Bischler–Napieralski reaction
approaches).[11,12] Therefore alternative synthetic strategies
are needed.



Figure 3. Examples of (indol-2-yl)methanamines.

Despite the (indol-2-yl)methanamines’ close connection
to the TH�C scaffold, only few asymmetric methodologies
towards this compound class have been developed. Except
for some isolated examples, the more relevant procedures
include resolution of hydroxyureas,[13] diastereoselective ad-
dition of 2-lithiated indoles to either hydroazones[14] or
imines[15] carrying a chiral auxiliary directing group, Sono-
gashira-type cyclization reaction of chiral propargylamines
and 2-iodo anilines (formally a Larock[16]-type indolization
approach),[17,18] an enantioselective Friedel–Craft reaction,
followed by oxidation, of 4,7-dihydroindoles with imines
catalyzed by chiral phosphoric acids[19] and a three compo-
nent copper catalyzed domino reaction of 2-ethynylanilines,
aldehydes and secondary amines.[20]

Scheme 1. Preparation of the Pf-protected Weinreb amides 9a–c.

Due to the propensity for �-amino carbonyl compounds
to racemize/epimerize, the Pf group was introduced as a
more acid stable alternative to the trityl protecting
group.[21,22] The exact mechanism behind this stereochemi-
cal protecting effect has however not yet been elucidated
and no thorough mechanistic investigations have yet to be
undertaken. Therefore, within the framework of this work,
we also aim to offer insight into the stereochemical protect-
ing effects of the Pf-protecting group.

Results and Discussion
In order to exhibit diversity and generality of the syn-

thetic protocol we focused our attention on four structur-
ally different amino acid starting materials. The preparation
of the proline derived ketone 13d has previously been de-
scribed by our group.[23] The synthesis began by preparing
the Pf-protected Weinreb amides of the corresponding
amino acids (Scheme 1).[24] Methyl esters 9a–b were sub-
jected to 9-phenyl-9-fluorenylation, following a known
literature procedure developed for the dimethyl ester of as-
partic acid.[25] Methyl ester 10c was synthesized according
to a known literature procedure,[26,27] The esters 10a–c
where then transformed into the corresponding Weinreb
amides 11a–c, using a Grignard base and the HCl salt of
N,O-dimethylhydroxylamine.

The Weinreb amides 11a–c were then subjected to cou-
pling with a dilithiated Boc-protected o-toluidine 12 species
(Scheme 2).[28] Initial results indicated that an excess of the
lithiated substrate was necessary for the reaction to pro-
ceed. When 11a was treated with only a small excess
(110 mol-%) of 12, a complicated reaction mixture was ob-
tained. Isolation of the reaction components gave only 5%
of the desired product 13a together with a large amount of
unreacted starting material. Significant amounts of 14a and
15a were also observed. The same decomposition pattern
of Weinreb amides[29] and Weinreb amide like derivatives[30]

under strongly basic conditions has previously been ob-
served by other research groups. When subjecting 11b to
the same reaction conditions, only 3% of product was ob-
tained and 69% of unreacted starting material could be re-
isolated. Interestingly, in this case we were unable to isolate
the corresponding decomposition products 14b and 15b.



Scheme 2. Lithiation coupling of toluidine 12 and Weinreb amides 11a–b. Reaction conditions: 12 (110 mol-%) stirred together with sBuLi
(220 mol-%) for 1 h at –30 °C. 11 (100 mol-%) was added and the reaction stirred for 1 h. Isolated yields after silica gel chromatography.
n.d. = not determined.

Increasing the amount of 12 to 250 mol-%, moderate re-
sults were obtained for the alanine amide 11a and phenyl-
alanine amide 11b substrates, and excellent results were ob-
tained for the serine 11c (Scheme 3).

Scheme 3. Lithiation coupling between toludine 12 and Weinreb
amides 11a–c. Reaction conditions: 12 (250 mol-%) stirred together
with sBuLi (500 mol-%) for 1 h at –30 °C. 11 (100 mol-%) was
added and the reaction stirred for 15 min after it was quenched.
Isolated yields after purification.

The low yield of ketones 13a and 13b and the decomposi-
tion of Weinreb amide 11a, prompted us to investigate the
reaction further. We first performed a simple deuterium
quenching experiment, to investigate the degree of benzylic
lithiation under the reaction conditions. Quenching the di-
anion of 12 with MeOD and analyzing the crude reaction
mixture by NMR revealed �95% deuterium incorporation
at the benzylic position (Figure S1).

The formation of ketone 13a–b was shown to be strongly
dependent on the reaction temperature (Table 1). Higher
temperature seemed to cause large amounts of decomposi-
tion (entries 1 and 4–7). At low temperature, –78 °C, the
reaction suffered from low conversions. Interestingly, the
Weinreb amide decomposition seems to take place, albeit at
a low rate (entry 3). At –41 °C the observed rate of the
Weinreb amide decomposition was markedly lower than the
conversion of the Weinreb amides 11a–b to the desired
ketone 13a–b enabling us to obtain 13b in a good 77% yield
(entry 8) as well as a minor yield improvement for 13a
(entry 2).

The striking difference in the reaction outcomes between
entries 1 and 7 (Table 1) (250 mol-% 13) compared to the
outcome discussed in Scheme 2 (110 mol-% 12), indicates
that when using near equimolar amounts of the alkylating

Table 1. Temperature dependency in the alkylation of 11.[a]

Entry 11 T t Yield 13[b] Yield 11[b]

[°C] [min] [%] [%]

1 11a –30 15 59 n.d.[c]

2[d] 11a –41 60 64 6
3[e] 11a –78 20 0 n.d.
4 11b 0 15 20 n.d.[c]

5 11b –10 15 30 n.d.[c]

6 11b –20 15 38 n.d.[c]

7 11b –30 15 62 n.d.[c]

8 11b –41 60 77 10

[a] Reaction conditions: 11 (100 mol-%), 12 (250 mol-%), sBuLi
(500 mol-%). [b] Isolated yield after flash chromatography. [c] Not
determined; based on crude NMR, little or no remaining starting
material. [d] No 14a or 15a could be detected. [e] Crude NMR
indicated mostly starting material and minor presence of 14a and
15a.

reagent almost complete quenching of the nucleophile
occurs. The quenching of lithiated 12 could most likely be
attributed to the free NH proton present on the substrates.
In contrast, the reaction with Weinreb amide 13c and also
13d,[23] lacking free NH protons, occurs more readily (vide
supra). This data suggests that the decomposition of Wein-
reb amide 11a into amide 14a and N,O-acetal 15a occurs
through an intramolecular process instead of an intermo-
lecular E2 pathway previously proposed.[29a] It has been
suggested that the formation of amide 14a occurs via depro-
tonation of the methoxy carbon which then collapses, via
expulsion of formaldehyde, into 14a (Scheme 4). The
formation of 14a has also been accompanied by the re-
addition of formaldehyde, leading to the rearranged prod-
uct 16.[29a,29c] Such a product was however not observed
under these reaction conditions. Instead, the N,O-acetal 15a
was isolated. We suggest, in accordance with previous lit-
erature,[29d] that the formation of 15a stems from the analo-
gous deprotonation of the N-methyl group, leading to loss
of a methoxide and the formation of an N-methylene inter-
mediate. Upon readdition of the methoxide to the N-meth-
ylene compound, N,O-acetal 15a is formed.[29d]



Scheme 4. a) Decomposition of Weinreb amide 11a into amide 14a.
b) Decomposition of Weinreb amide 11a into N,O-acetal 15a. c)
Steric repulsion in the cyclic transition states of 11b.

The lack of significant amounts of Weinreb amide de-
composition products 14b and 15b could also be rational-
ized according to an intramolecular decomposition path-
way (Scheme 4 and S1). In an intramolecular pathway, the
amino acid side chain would be brought into close proxim-
ity to one of the reaction centers and perhaps even more
importantly, the cyclic transition states would most cer-
tainly experience extra strain with a bulkier amino acid side
chain, accounting for the increased stability of 11b under
the strongly basic reaction conditions (Scheme 4).

Based on these findings an alternative route to ketones
13a and 13b via the morpholine amides 17 was developed.
The morpholine amides, known to be less expensive substi-
tutes for Weinreb amides, lack the possibility to decompose
in the manner discussed above.[31] Both 17a and 17b where
readily synthesized from the corresponding methyl esters
10a and 10b. (Scheme 5).

Scheme 5. Formation of morpholine amides 17a and 17b.

The less reactive morpholine amides were found to re-
quire higher reaction temperatures to achieve useful conver-
sions. Subjecting morpholine amide 17a to lithiated 7d tolu-
idine 12 at 0 °C satisfyingly furnished the desired ketone
13a in excellent 93% yield. Disappointingly, ketone 13b was
only received in an 18% yield under the same conditions
(Scheme 6). Raising the temperature to room temp. in-
creased the yield of 13b to 29% accompanied by severe de-

composition under the strongly basic reaction conditions.
The lower reactivity of 17b in respect to 17a could most
likely be accounted for the significantly larger steric bulk of
the phenylalanine side chain.

Scheme 6. Alkylation of morpholine amides 17a and 17b.

With access to ketones 13a–d we turned our attention
to the indolization. Treatment of 13a–d with ethanolic 6 �
H2SO4 in CH2Cl2, facilitated the Boc group removal, with
the subsequent ring closure of the aniline nitrogen provid-
ing indoles 18b and 18d in excellent yield and indole 18a in
a moderate but reasonable yield (Scheme 7). Some decom-
position was observed in the case of 18a, accounting for the
lower yield, most likely due to solvolysis of the Pf group.[32]

Cleavage of the Boc group of 13c was markedly slower
furnishing indole 19 in only 42% yield together with the
Boc-indole 21 in 7% yield and the rearranged indole aminal
20 in 21% yield, due to the inherent instability of oxazolid-
ines under acidic conditions.

Scheme 7. a) Indolization of ketones 13a–d. b) Biproducts from the
indolization of 13c.

We recognized that when performing the indolization re-
action on compound 13c in a less acidic reaction medium



(CH2Cl2/MeOH, 1:1 mixture) the Boc group was left intact,
preventing the formation of indole aminal 20. We found it
convenient at this stage also to remove the methylene group,
which was readily accomplished using the HCl salt of
hydroxylamine.[33] Finally, indolyl N-Boc group cleavage
could be executed under both basic and acidic condi-
tions.[34] Refluxing of 26 in MeOH together with NaOH
proved superior due to a cleaner reaction profile, giving 18c
in 75% yield over two steps (Scheme 8).

Scheme 8. Indolization, aminal cleavage and boc removal of ketone
13c.

The Pf-protecting group was removed via straightfor-
ward hydrogenolysis using 10 wt.-% Pd/C (Scheme 9).[35]

Compound 18a underwent clean cleavage in MeOH, giving
22a in 99% yield after work up. Compound 22c required
more acidic conditions, giving excellent results in AcOH.
Compound 18b suffered from low solubility in MeOH but
underwent smooth Pf cleavage in AcOH. Interestingly, the
hydrogenolysis of 18d under these conditions produced a
mixture of products. However, we recently reported a
hydrogenolysis of the Pf-protecting group on a similar sys-
tem, using ammonium hypophosphite as the hydrogen
source under catalytic transfer hydrogenation (CTH) condi-
tions.[23] The Pf-cleavage under these CTH conditions pro-
vided the desired amine 22d in 86% yield.

Scheme 9. Hydrogenolysis of the Pf protecting group on indoles
18a–d.

Finally, the chiral (indol-2-yl)methanamines 22a–d could
be transformed into a small compound library. Acylation
of 18a, 18b and 18d with acetyl chloride and 18c with acetic
anhydride gave the corresponding amides in good yields
(Scheme S2). Reductive amination of 18a–d with formalde-
hyde and sodium triacetoxyborohydride gave the corre-
sponding tertiary amines in good yields (Scheme S3).[36]

The enantiopurity of compound 22a and 13b were
assigned using chiral HPLC. (R)-22a was synthesized from
�-alanine and (R)-13b was synthesized from �-phenylalan-
ine, by the same routes as the corresponding enantiomers.

Compounds 22a and 13b where both determined to have
an ee of 99%. The ee of compound 13d, synthesized via the
same route, has previosly been assigned to an ee of
�99%.[23] A compound derived from 10c has previously
been described as enantiopure.[27] Therefore we could safely
assume that the described synthetic routes to the (indol-2-
yl)methanamines presented herein yields compounds with
an ee of at least 99%. As a final conclusion, the successful
synthesis of enantiopure (indol-2-yl)methanamines using
four structurally very different amino acids shows greater
generality for this substance class than previously published
procedures.[14,15,17,18,19,20]

The complete retention of the stereochemical infor-
mation, from the amino acid starting material to the (indol-
2-yl)methanamines, under the strongly basic reaction condi-
tions showcases yet again the Pf-protecting group’s capa-
bility of shielding the vulnerable �-amino carbonyl
stereocenter from racemization. It has previously been pro-
posed, based on molecular mechanics calculations, that the
Pf group forces the �-amino carbonyl compounds to adopt
a conformation which places the �-hydrogen in the carbonyl
plane, a dihedral angle of 0° or 180°. The conformation
would effectively minimize the overlap between the C-H� �
orbital and the C=O �* orbital leading to a lowering of the
�-proton acidity.[37] This stereoelectronic explanation has
indeed found some support in crystallographic data.[38,39]

Another important experimental result showed that treat-
ment of Pf-protected alaninal with triethylamine in re-
fluxing THF destroyed about 50% of the starting material.
Reisolation of the remaining aldehyde however showed no
deterioration of the ee. The other main reaction component
was found to be 9-phenylfluorene, indicating that elimi-
nation of an aromatic 9-phenylfluorenyl anion took place
preferentially over deprotonation/inversion/reprotonation
of the stereogenic center on the aldehyde.[22] The lack of
detailed information regarding the molecular mechanics
calculations,[37] or any publications further addressing the
subject, prompted us to perform the first thorough investi-
gation of the mechanism behind the stereoprotecting effects
of the Pf group, by computational conformational analysis,
supported by X-ray crystal structures and NMR analysis.

As a model for the calculation we chose a simple Pf-
protected amino acid derivative 10a. We first set out to try
to reproduce the previous calculations by performing a con-
formational search using an array of different force fields
(MM2*,[40] MM3*,[41] MMFF[42] and OPLS-2005[43])
(Table S1). The force fields MM2* and MM3* indeed place
the �-hydrogen H(4)–C(3) bond (atom numbering accord-
ing to Figure 4) of 10a antiperiplanar (or alternatively syn-
periplanar) to the C(2)–O(1) double bond. However, when
applying the more recently developed force fields, MMFF
and OPLS-2005, this placement of the �-hydrogen changes
noticeably. MMFF gave one dominating conformer (93%
of the Boltzmann population distribution) with a dihedral
angle of –155°. OPLS-2005 seemed to indicate a more com-
plicated system, giving several conformers with a narrow
energy difference (entry 1, Table 2). In fact, for this particu-
lar task, OPLS-2005 seemed to be the best parameterized


















