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’ INTRODUCTION

Proteins that contain a C-terminal CAAX (cysteine, aliphatic
amino acid, and X is one of several amino acids) motif regulate
numerous pathways that are critical for tumorigenesis. CAAX-
containing proteins are post-translationally modified via prenylation
of the cysteine residue by protein farnesyltransferase,1 removal of
the AAXmotif by Ras-converting enzyme 1 (RCE1),2 and addition
of a methyl group to the modified cysteine residue by the enzyme
isoprenylcysteine carboxyl methyltransferase (ICMT).3 The faithful
modification of CAAX-containing proteins is essential for function
and, in certain cases, required for proper subcellular localization of
proteins. This is best exemplified with the Ras family of G proteins,
where decreased farnesyltransferase, RCE1, or ICMTactivity results
in improper subcellular localization of Ras proteins, downstream
pathway inhibition, and loss of cellular transformation.4�6

Small-molecule inhibitors that disrupt Ras activity may be
beneficial for the treatment of cancers, as ∼30% of cancers have
activating Ras mutations. Several groups have successfully iden-
tified potent and selective farnesyltransferase inhibitors (FTIs)
that prevent Ras membrane localization and downstream path-
way activation.7,8 These compounds have shown potent activity
against Ras-activated tumor cell lines in cell culture and mouse
xenograft models.7,8 Unexpectedly, the FTIs also show potent
activity in cell lines that do not contain activated Ras, suggesting
that other targets such as CENP-E or CENP-F may be equally
important for phenotypes induced by FTI treatment.9

The results observed in preclinical work using FTIs as single
agents have not readily translated into benefit in several phase II
and III human studies.10 Numerous clinical trials are currently

underway using FTIs in combination with standard cytotoxic
agents with the expectation that additive or synergistic activities
will be observed. Some beneficial activity has been seen in
patients with hematological malignancies, and several phase I
and II studies are being conducted to determine optimal dosing
regimen and patient selection criteria for treatment with FTIs.11

Over the past several years multiple reports have demon-
strated a key role for ICMT in Ras localization and transforma-
tion in rodent and human cell-based models.6,12�14 Small-
molecule inhibitors that specifically target ICMT may therefore
be beneficial in the treatment of cancers characterized by activated
Ras. An ICMT inhibitor, cysmethynil (Figure 1a), was recently
discovered by screening recombinant ICMT protein against a
chemical library of ∼10000 compounds.12 Cysmethynil is a rela-
tively potent in vitro inhibitor (IC50 = 2.4 μM) with modest
antiproliferative activity that selectively reduced growth of Icmt+/+

versus Icmt�/� mouse embryonic fibroblasts.12 The membrane
localization of a GFP-Ras reporter protein was disrupted in a dose-
dependentmanner in polarizedMDCKcells treatedwith cysmethy-
nil. Moreover, the ability of Ras-overexpressing cells to form
colonies was sensitive to cysmethynil, and colony formation could
be rescued by overexpression of ICMT. Cysmethynil has also been
demonstrated to induce autophagic cell death in PC-3 cells via
reduction of mTOR signaling.15 Recently, analogues of cysmethynil
having improved in vitro potencies (IC50 ≈ 0.7 μM) and anti-
proliferative activities (GI50 ≈ 3 μM) have been reported.16
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ABSTRACT: A series of tetrahydropyranyl (THP) derivatives
has been developed as potent inhibitors of isoprenylcysteine
carboxyl methyltransferase (ICMT) for use as anticancer
agents. Structural modification of the submicromolar hit com-
pound 3 led to the potent 3-methoxy substituted analogue 27.
Further SAR development around the THP ring resulted in an
additional 10-fold increase in potency, exemplified by analogue
75 with an IC50 of 1.3 nM. Active and potent compounds
demonstrated a dose-dependent increase in Ras cytosolic protein. Potent ICMT inhibitors also reduced cell viability in several
cancer cell lines with growth inhibition (GI50) values ranging from 0.3 to >100 μM. However, none of the cellular effects observed
using ICMT inhibitors were as pronounced as those resulting from a farnesyltransferase inhibitor.
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To identify novel small-molecule inhibitors of ICMT, we
screened a chemical library against human recombinant ICMT
enzyme. As a result, several distinct structural classes of compounds
were identified that ranged from low micromolar to submicromolar
potencies. The dimethyltetrahydropyranyl (THP) containing com-
pound 1 is one of two structurally similar HTS hits with low micro-
molar potency that were selected as a starting point for medicinal
chemistry efforts among 11 hit structural classes based on both struc-
tural novelty and AGGC (where AGGC is the prenylated sub-
strateN-acetyl-S-geranylgeranylcysteine) competitivemodeof action
(IC50 = 3.5 μM, 1� Km SAM; Figure 2). The AGGC-competitive
mode of inhibition is evidenced by an increase of Km but a lack of
significant effects on the maximal velocity of the reaction in the
presence of compound (Figure 2A). In this regard, 1 is similar to
cysmethynil, an indole-based ICMT inhibitor, which was shown to
be competitivewith respect to a prenylatedmethyl acceptor substrate
but noncompetitive toward the second substrate, S-adenosylmethio-
nine (SAM).12 The currently available data for 1 do not allow us to
reliably distinguish between noncompetitive and uncompetitive
mechanisms with respect to SAM (Figure 2B). A relatively small
but significant increase in potency, which accompanied an increase in
SAM concentration from 1- to 10-fold excess over the respectiveKm,
may be indicative of uncompetitive behavior for this compound. If
confirmed bymore thorough kinetic analyses, this observationwould
support preferential binding of 1 to the SAM-occupied rather than
the substrate-free enzyme state. Such an assumption would be
consistent with the ordered kinetic mechanism with SAM being
the leading substrate, which has been demonstrated for ICMT.17 It is
also worth noting that, in contrast to cysmethynil, 1 does not
represent a time-dependent inhibitor as we did not observe any
significant increases in its inhibitory potency upon preincubation
with the target enzyme prior to activity assay (data not shown).

Subsequent substructure searches around 1 yielded dimethyl
THP derivatives 2 and 3, having an order of magnitude more
potent activity (IC50 = 0.12 and 0.31 μM), which were selected for
further optimization (Figure 3a). The potent ICMT inhibitors
derived from these efforts showed selective killing in K-Ras-trans-
formed normal rat kidney cells, modulation of Ras membrane
localization, and tumor cell line killing. However, all of the cellular
phenotypes resulting from ICMT inhibitor treatmentweremuch less
pronounced than those observed with the farnesyltransferase inhi-
bitor 4 (FTI-2628, Figure 1b).18 Herein we describe the synthesis
and structure�activity relationship (SAR) of one hit class that has, to
our knowledge, resulted in the most potent in vitro ICMT inhibitor
to date (IC50 = 1.3 nM).

’CHEMISTRY

We began SAR investigations around the N-benzylfurancar-
boxamide compound2 (Figure 3a). Although some clear SAR trends
emerged from this endeavor (not shown), wewere unable to achieve

potencies greater than that of the parent compound.Wenext focused
our efforts on analogues of compound 3. To simplify the synthesis of
these analogues, the N-furylethanone moiety was removed, leading
to compounds resembling aniline I (Figure 3b).

Synthesis of analogues I was accomplished according to the
general procedure outlined in Scheme 1.19 This general synthetic
approach enabled variation of both terminal rings (regions A and B)
as well as variations to the THP moiety (region C). With regard to
the latter, differential methyl substitution (i.e., des-, di- and tetra-
methyl) and variation of the ring heteroatom (affording THP,
tetrahydrothiopyranyl, and piperidine cores) were incorporated in
analogue preparation. The requisite ketones II were prepared as
described previously20 or were commercially available. Thus, con-
densation of ketones II with ethyl cyanoacetate provided the nitrile
ester intermediates III, which were subjected to copper-catalyzed
conjugate addition with various aryl Grignard reagents to afford the

Figure 1. (a) Cysmethynil. (b) Farnesyltransferase inhibitor 4.

Figure 2. Mechanistic analyses of ICMT inhibition by compound 1.
Enzymatic transmethylation of AGGC in the presence of SAM was
monitored using a fluorometric assay. (A) Effects of 3 μM test
compound on both Vmax and Km for AGGC. (B) Dependence of the
in vitro potency of 1 on SAM concentration.
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spirocyclic intermediates IV. Decarboxylation followed by reduction
of the resulting nitrile then provided the ethylamines VI that would
serve as the common building blocks for parallel synthesis of the
aniline analogues. The latter were formed through palladium-medi-
ated coupling with various aryl bromides21 or via copper-mediated
coupling with arylboronic acids.22 Alternatively, nucleophilic aro-
matic substitutionof the corresponding aromaticfluoridewas utilized
to arrive at the desired compounds I.

Modification of the intervening chain (region D) connecting
the THP moiety and region A was accomplished by preparation
of amide and urea/thiourea functionalized analogues as well as
N-substituted compounds (Schemes 2�4). Amide analogues
7a�c were prepared by hydrolysis of the nitrile intermediate 5,19

followed by coupling of the resulting acid 6 to various 3-sub-
stituted anilines via the mixed anhydride (Scheme 2).

Preparation of the urea and thiourea analogues was accom-
plished as depicted in Scheme 3. Thus, Grignard addition onto
ketone 8, followed by acid-mediated displacement of the resulting
alcohol 9 with sodium azide furnished tertiary azide 10.23 Urea
compounds 12a,b were readily obtained by reduction of azide 10,
followed by condensation of the resulting amine 11with an aryl iso-
cyanate. Thioureas 13a�d were prepared in an analogous manner
using the corresponding aryl isothiocyanate.

The correspondingN-acyl andN-methyl analogueswere prepared
from compounds 16 and 18 using standard acylation and alkylation
conditions, respectively (Scheme 4).

’RESULTS AND DISCUSSION

Inhibition of recombinant human ICMT enzyme was deter-
mined by fluorometric and radiometric assays using N-acetyl-S-
geranylgeranylcysteine (AGGC) as amethyl-acceptor substrate.23,25

(Graphical data for the determination of ICMTKm and IC50 values
for a representative compound using these methods are given in the
Supporting Information.) Our initial efforts focused on SAR around
the aniline benzene ring of analogues I (region A, Figure 3b).
The unsubstituted analogue 16 was found to be nearly 10-fold
less potent than hit compound 3 (IC50 = 0.31 μM; Table 1).

Figure 3. (a) Submicromolar dimethyltetrahydropyranyl ICMT inhibitors from HTS. (b) Simplified aniline analogues with regions of focus for SAR
indicated.

Scheme 1a

aReagents and conditions: (i) ethyl cyanoacetate, NH4OAc, PhH, reflux; (ii) ArMgBr, CuBr 3 S(Me)2, THF; (iii) KOH, HO(CH2)2OH, 190 �C; (iv)
LiAlH4, Et2O; (v) ArBr, Pd(dba)2, BINAP, NaO-t-Bu, PhMe, 80 �C; (vi) ArB(OH)2, DIPEA, Cu(OAc)2, CH2Cl2; (vii) ArF, K2CO3, DMF.

Scheme 2a

aReagents and conditions: (i) conc AcOH/HCl, reflux; (ii) i-Bu-
(CO2)Cl, DIEA, ArNH2.
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Likewise, an o-methyl substituent resulted in a decrease in potency
against ICMT (cf. compound 17). In contrast, methyl substitution
in the 3- or 4-position (18 or 19) yielded compounds with
approximately 10-fold higher potencies relative to the parent
compound 3. The dimethyl-substituted analogues, 20 and 21, also
showed significant improvement in potency, albeit to a lesser degree
than the monosubstituted counterparts. A proportional decrease in
the inhibitory activity was observed with increased bulkiness of the
alkyl substituent. Thus, the ethyl substituted analogue 22 was
approximately 4-fold more potent than the 3- and 4-isopropyl
substituted compounds 23 and 24, which in turn were approxi-
mately 4-fold more potent than the 3- and 4-tert-butyl substituted
analogues 25 and 26, respectively. As observed for the methyl-
substituted analogues, the 3-substituted compoundswere essentially
equipotent with the corresponding 4-substituted analogues bearing
the same alkyl substituent (i.e., 3-i-Pr vs 4-i-Pr, etc.).

Amarked difference in potency was observed between the 3- and
4-methoxy-substituted analogues, with the former having signifi-
cantly higher activity against ICMT (cf. compounds 27 and 28).
Indeed, the 3-methoxy-substituted analogue 27 gave the most
significant improvement in potency among the initial series of
dimethyl THP compounds investigated (IC50 = 15 nM). On the
basis of the increase in potency obtained with 27 and the
4-methylaniline 19 (IC50 = 30 nM), we anticipated a commen-
surate improvement in activity with the 3-methoxy-4-methylani-
line 29. Although this compound displayed significant potency
against ICMT (IC50 = 90 nM), it proved to be less potent than
either of the corresponding monosubstituted analogues.

In general, the 3-position was more tolerant to substitution
relative to the 4-position of the aniline benzene (region A) ring.
A variety of meta-substituents were tolerated, with 3-OCF3, -CN,
-Cl,-F, and -NO2 analogues all displaying good potencies against
ICMT relative to the corresponding 4-substituted compounds.
In accord with previous observations, disubstituted compounds
exhibited diminished activities relative to the corresponding
(mono) 3-substitued analogues (cf. 40 vs 37). In the absence
of another substituent, fluorination of the region A benzene ring
generally resulted in improved potency, as the fluorinated
analogues 43�45 displayed greater inhibition than the unsub-
stituted compound 16. Region A fluorination in the presence of
another substituent gave mixed results with some analogues
showing improved potency (e.g., 47 and 48) while others
showed diminished potency (e.g., 46 and 49) relative to the
nonfluorinated analogues. Finally, more polar, potentially water-
solubilizing substituents generally led to diminished potencies
(e.g., compounds 55�59), possibly owing to the likely hydrophobic
environment of the enzyme, a feature necessary to accommodate
the lipophilic farnesyl moiety of post-translationallymodified Ras
proteins. A representative analogue 18 (as well as others) was
further analyzed for its mode of ICMT inhibition and was found
to retain the AGGC-competitive mechanism as observed for the
original HTS hit 1 (see Supporting Information).

Having established 3-substitution (especially methoxy or
chloro) in region A as being optimal for potency against ICMT,
we proceeded to evaluate the effects of substitution in region B
(phenyl group adjacent to the THP moiety) with the objective to
further improve compound potency (Table 2). Region B analogues

Scheme 3a

aReagents and conditions: (i) PhMgBr, Et2O; (ii) NaN3, F3CCO2H, THF; (iii) LiAlH4, Et2O; (iv) ArNCO, THF; (v) ArNCS, THF.

Scheme 4a

aReagents and conditions: (i) MeCOCl, DIEA, CH2Cl2; (ii) MeI, K2CO3, DMF.
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were synthesized according to Scheme 1, generally maintaining
3-methoxy or 3-chloro substitution in region A. With the exception

of the 3-fluoro analogue 65 (IC50 = 8 nM), substitution in region B
wasnot tolerated, resulting in decreased potency relative to the corres-
ponding unsubstituted compound 27. This effect may be due to the
inability of the enzyme to accommodate additional steric bulk in this
region of the molecule. Replacement of the region B phenyl group
with thiophene resulted in compounds that were at least equipotent
with the corresponding phenyl analogues (66 vs 27), with significant
improvement observed in two cases (compounds 67 and 68).

Having established reasonable SAR around regions A and B of
the molecule, we focused our attention on the intervening chain
(region D) connecting the THPmoiety and region A. In this regard,
wewere particularly interested inmodifications adjacent to the aniline
nitrogen, owing to ms/ms metabolic studies (data not shown)
which implicated the position as metabolically labile. Among the
analogues considered were the amides and ureas/thioureas
depicted in Table 3. However, none of the region D amide, urea,
or thiourea analogues were potent against ICMT. Moreover,
these compounds did not display any improved metabolic
stability relative to analogues having an unfunctionalized chain
(regionD), indicating that the liability may be in the THPmoiety
and/or the aromatic regions.

Table 1. In Vitro Potency of Dimethyl THP Region A
Analogues

compd R1 R2 R3 R4 IC50 (μM)

16 H H H H 2.70

17 Me H H H 3.6

18 H Me H H 0.031

19 H H Me H 0.031

20 H Me Me H 0.069

21 H Me H Me 0.054

22 H Et H H 0.040

23 H i-Pr H H 0.167

24 H H i-Pr H 0.132

25 H t-Bu H H 0.556

26 H H t-Bu H 0.76

27 H OMe H H 0.015

28 H H OMe H 0.27

29 H OMe Me H 0.090

30 H OMe OMe H 0.652

31 H OCF3 H H 0.09

32 H H OCF3 H 0.184

33 H NMe2 H H 0.131

34 H OH H H >5

35 H CN H H 0.066

36 H H CN H 0.123

37 H Cl H H 0.025

38 H H Cl H 0.36

39 H Cl H Cl 0.17

40 H Cl Cl H 0.181

41 H Me Cl H 0.308

42 H Cl Me H 0.049

43 F H H H 0.55

44 H F H H 0.052

45 H H F H 0.168

46 F H Me H 0.3

47 H F OMe H 0.16

48 H F OMe F 0.031

49 H F Cl H 0.47

50 H Cl F H 0.025

51 F H H Cl 0.032

52 H CF3 H H 0.38

53 H NO2 H H 0.026

54 H H NO2 H 0.682

55 H H SO2NH2 H 13.1

56 H SO2N(CH3)2 H H 3.83

57 H NH(CO)Me H H 1.35

58 H H CO2Et H 2.88

59 H CO2H H H >5

Table 2. In Vitro Potency of Region B Analogues
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To probe the effect of aniline nitrogen substitution, the corre-
sponding N-acylated and -methylated analogues were investigated.
As shown in Table 4, aniline N-methylation and -acylation resulted
in greatly diminished activities against ICMT, indicating a probable
H-bond donating role for the aniline.

The region A 3-methoxy-substituted compound 27 was
selected for further evaluation because of its impressive potency
against ICMT. Recognizing the chirality of the dimethyl THP
analogues, the enantiomers were separated by preparative chiral
HPLC (see Experimental Section) and tested in the in vitro assay.
Although the absolute stereochemistry was not determined, an
approximately 20-fold difference in activity was observed for the
respective enantiomers (Table 5).

We next investigated THP ring (region C) modifications,
specifically with regard to the effect of dimethyl substitution on in
vitro potency. Considering the chirality imparted by gem-di-
methylation, in addition to the relative ease of synthesis of analogues
unsubstituted around the THP moiety, we prepared the corre-
sponding des-methyl THP compounds starting from the com-
mercially available ketone according to Scheme 1. As shown in
Table 6, the in vitro potencies of the des-methyl analogues were
diminished 10- to >100-fold relative to the corresponding gem-
dimethyl THP analogues, illustrating the importance of THP
ring substitution.

Further exploration of the THP ring (region C) was pursued
through replacement of the THPmoiety with various N-substituted

piperidines. Analogues were prepared as in Scheme 1 from the
corresponding N-substituted piperidinones. A number of analo-
gues of the type shown in Figure 4 were investigated; however,
none were found to be potent against ICMT.

Having established some of the limitations associated with the
THP moiety (region C) and related analogues, particularly with
regard to THP ring substitution (see Table 6), we aimed to
determine the effect of additional substitution in this region of the
molecule in conjunction with further exploration of the ring
heteroatom. To this end, various tetramethyl-substituted analogues
were evaluated for potency against ICMT (Table 7). In general, the
tetramethyl THP analogues showed the highest potencies. Among
these compounds, the 3-methoxy analogue 75 displayed superior
potency (IC50 = 1.3 nM), being 10-fold more active than the
unsubstituted congener 74. Replacement of the THP oxygen with
either sulfur or nitrogen resulted in significantly decreased activity

Table 3. Amide and Urea Region D Analogues

compd X Y R IC50 (μM)

7a CH2 O H >5

7b CH2 O OMe >5

7c CH2 O Cl >5

12a NH O OMe >1

12b NH O Cl >1

13a NH S H >1

13b NH S OMe >1

13c NH S Cl >1

13d NH S F >1

Table 4. Effect of Aniline N-Substitution

compd R1 R2 IC50 (μM)

16 H H 2.70

14a Me H >10

15 Ac H 2.34

18 H Me 0.031

14b Me Me 9.85

Table 5. In Vitro Potencies of Enantiomers of 27

aAbsolute stereochemistry not determined, stereochemistry arbitrarily
assigned.

Table 6. In Vitro Potency of gem-Dimethyl vs des-Methyl
THP Analogues

compd IC50 (μM) R1 R2 compda IC50 (μM)

69 3.25 Me H 18 0.031

70 0.777 OMe H 27 0.015

71 3.83 Cl H 37 0.025

72 3.25 F H 44 0.052

73 0.46 Cl Me 42 0.049
aCompounds 18�42 included for comparison.

Figure 4. Piperidine analogues.
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(compounds 77�83), suggesting that retention of the ring oxygen
is necessary for reasonable potency against ICMT.
Accumulation of Cytosolic Ras after ICMT Inhibitor Treat-

ment. Disruption of ICMT activity reduces the amount of Ras
protein at the plasma membrane. This has been demonstrated by
both genetic knockout6 and pharmacological inhibition of ICMT.12

To investigate the effect of our series of ICMT inhibitors on
subcellular distribution of Ras, we evaluated multiple assay formats
including GFP-Ras reporter, immunostaining for endogenous Ras,
and subcellular fractionation. These studies identified fractionation of
membrane and cytosolic pools, followed by quantitative immuno-
blotting for Ras as themost quantitativemeasure of ICMT inhibition.

Treatment of HCT-116 cells with 74, 75, and farnesyltransferase
inhibitor (FTI) 4 resulted in a dose-dependent accumulation of
Ras in the cytosolic fraction (Figure 5A). The less potent 16 and
inactive analogue 76 did not appreciably increase cytosolic Ras
protein when compared to DMSO-treated cells. Appropriate
markers (consisting of the compartment-specific proteins, β-actin
for cytosolic and V-DAC for membrane) were included to ensure
integrity of the cytosolic and membrane fractions. The accumu-
lation of cytosolic Ras was most evident when cells were treated
with compound 75; less accumulation was seen with com-
pound 74 (Figure 5B). Additionally, treatment of HCT-116 cells
with∼1 μM 75 or 4 resulted in comparable levels of Ras accumula-
tion in the cytosol. However, unlike FTI 4, which showed
additional Ras accumulation at higher concentrations, the maximal
cytosolic Ras levels using compounds 74 and 75 were lower than
that for FTI 4.
The membrane to cytosolic redistribution of Ras for FTI 4 in

our hands is consistent with published Ras redistribution IC50 values
(500�1000 nM) for 4 calculated from cell-based readouts.18 The
determination of Ras redistribution by the method illustrated in
Figure 5 is a measure of the cellular population as a whole. Thus,
while it may be possible to see single cells with nomembrane bound
Ras, at the time point tested (18 h) in a heterogeneous population of
cells it is likely that not every cell will exhibit the same phenotype,
resulting in the population as a whole showing a mixture of
membrane and cytosolic Ras (e.g., appearance of a membrane Ras
protein band at 5 μM 4). A GFP-Ras reporter assay (not shown)
showed very similar resultswhenusing high content imaging analysis,
combining 1000 individual cells. These results suggest that inhibition
of the prenylation step (via farnesyltransferase inhibition) may have a
more pronounced effect on Ras localization than inhibition of the
methylation step.

Table 7. In Vitro Potency of Tetramethyl Analogues

compd X R1 R2 R3 IC50 (μM)

74 O H H H 0.015

75 O OMe H H 0.0013

76 O Cl H 3-Cl-Ph >5

77 S H H H >1

78 S OMe H H 0.42

79 S Cl H H 2.49

80 NH OMe H H >1

81 NH Cl H H >1

82 NH F H H >1

83 NH Cl Me H >1

Figure 5. Accumulation and quantitation of Ras protein in cytosolic fraction after ICMT inhibitor treatment. (A) HCT-116 cells were seeded in a 10 cm plate
and treated for 18hwith indicated compounds.Cellswere processed into cytosolic andmembrane fractions usingProteoExtract subcellular proteomeextractionkit
followed by separation on 12.5% PAGE gels. Proteins were detected using anti-p21 Ras antibody and compartment-specific antibodies, V-DAC and β-actin. (B)
Western blots from (A) were analyzed using the EpiChem3UVP image analyzer. The band intensity for cytoplasmicRas/β-actinwas calculated for each treatment
and normalized to DMSO-treated cells. These results are representative of cytoplasmic Ras accumulation in HCT-116 cells as well as other cell lines tested.
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Cell Viability after ICMT Inhibitor Treatment.To determine
if ICMT inhibitors reduced cell viability, we selected eight tumor
cell lines (with and without activating mutations in Ras) and
exposed them to various compounds. The potent ICMT inhibi-
tors 74 and 75 were modestly cytotoxic in all of the cell lines
tested independent of the Ras status, with GI50 values ranging from
0.3 to >100 μM (Table 8). The hematopoietic cell lines CCRF-
CEM and HL-60 were the most sensitive to ICMT inhibition. The
inactive analogue 76 did not reduce cell viability in any of the cell
lines tested. Unlike the ICMT inhibitors that showed modest
reduction in cell viability, treatment with FTI 4 resulted in potent
cytotoxicity in cell lines with Ras mutations (GI50 = 0.0002�
0.04 μM). The wild-type Ras DU145 and PC-3 cell lines were less
sensitive to 4 (GI50 = 1�2 μM). On the basis of these results,
inhibition of the prenylation step of CAAX protein processing with
4 was >1000-fold more effective in reducing cell viability than
inhibition of the methylation processing step with the class of small-
molecule ICMT inhibitors described herein.
It is conceivable that the modest cellular effects observed with

the potent THP analogues could be due to unfavorable compound
physical properties, particularly those affecting cellular permeability.
However, we do not believe that permeability factors for com-
pounds 74 (logD7.4 = 4.85) and 75 (logD7.4 = 4.83) account for a
lack of cell viability phenotype in the vastmajority of cancer cell lines
tested, based on logD values, which are in the acceptable range of
Lipinski’s rules,26 and the fact that 75 is permeable in hematopoietic
cells and reduces viability. The activity of compound 75 in this cell
type is possibly due to off-target activity. The off-target may be
essential in suspension cells and not solid tumor lines. Additional
work would be required to confirm these statements.

’CONCLUSION

Several reports have demonstrated the importance of post-
translationalmodification of Ras proteins for tumor cell survival.12,15

We generated a series of potent ICMT inhibitors to disrupt the
terminal processing step of CAAX-containing proteins for potential
utility as chemotherapeutic agents. The potency of ICMT inhibition
in this series of compounds was increased 100-fold from hit
compound 2 (IC50 = 0.12 μM) to the tetramethyl-substituted
analogue 75 (IC50 = 1.3 nM). Kinetic analysis using HTS com-
pound 1 (as well as other representative compounds) suggests that
ICMT inhibition is competitive with respect to Ras protein
substrate. Mechanism-based cellular assays monitoring Ras subcel-
lular localization show a decrease in membrane localization upon
inhibitor treatment consistent with a role of ICMT in post-transla-
tional processing of CAAX-containing Ras. However, in contrast
to farnesyltransferase inhibition, we observe neither potent nor
Ras-dependent effects on viability with small-molecule ICMT

inhibitors. This suggests that the final step (carboxyl methylation)
in post-translational processing of CAAX-containing proteins may
not be as essential as the first step (prenylation) in the biology of
proteins, such as Ras. Alternatively, it may suggest that FTIs
modulate additional non-CAAX motif-containing proteins that are
required for cell survival.

’EXPERIMENTAL SECTION

Chemistry. GeneralMethods andMaterials. 1HNMR spectra
were recorded at 400MHz. Chemical shifts are reported in parts permillion
(ppm) downfield from TMS (0.00 ppm), and J coupling constants are
reported in hertz. HPLC�MS were run in ESI mode using an Xterra MS
C18 (Waters) 4.6 mm � 50 mm, 5 μm column. HPLC purity was
determined using a 4.6 mm� 150 mm Xterra C18 5 μm column, observ-
ing at both 203 and 280 nm. Both HPLC�MS and HPLC were reverse
phase with a MeCN/H2O (0.01% v/v TFA) gradient and a flow rate of
0.5 mL/min. All final compounds wereg95% pure by HPLC at both 203
and 280 nm. MPLC purifications were performed using an Isco RF system
utilizing a hexane/EtOAc or DCM/MeOH gradient.

Ketones II were commercially available or were prepared according
to the literature.20

General Procedures of the Synthesis of Intermediates
III�VI.19 General Procedure for the Synthesis of Cyanoalk-
ylidene Ethyl Ester Intermediates III. The appropriate ketone
(10 mmol), ethyl cyanoacetate (15 mmol), and ammonium acetate
(1 mmol) were heated at reflux in 50 mL of toluene using a Dean�Stark
trap. After 16�72 h of reflux, the solvent was removed and the residue
purified by MPLC.
General Procedure for the Synthesis of Intermediates IV.

The appropriate arylmagnesium bromide (3.34 mmol) was added to a
solution of a cyanoalkylidene ethyl ester intermediate III (2.84 mmol)
and a catalytic amount of CuBr 3 S(Me)2 in 20 mL of THF at �78 �C.
The solution was allowed to warm to room temperature and stirred
overnight. The reaction was quenched with aqueous 1 N hydrochloric
acid, and the aqueous layer was extracted with ethyl acetate (3�). The
combined organic layers were dried (Na2SO4), filtered, and concen-
trated. The residue was purified by MPLC.
General Procedure for the Synthesis of Intermediates V

and VI. The appropriate cyano-1-arylacetic acid ethyl ester IV (2.0
mmol) and potassium hydroxide (4.0 mmol) were combined in 8 mL of
ethylene glycol and heated to 190 �C for 1.5 h. The reaction mixture was
poured into 90 mL of water and extracted with ethyl ether (3�). The
combined organic layers were washed with water (1�), brine (1�),
dried (Na2SO4), filtered, and concentrated. The residue was purified by
MPLC. The resulting 1-arylacetonitrileVwas dissolved in ether (10mL)
and cooled to 0 �C. Lithium aluminum hydride (2.0 equiv) was added
dropwise, and the reaction mixture was warmed to room temperature
and stirred for 2 h. The reaction was quenched by the sequential addition
of water (1 mL per 1.0 weight (g) equivalent LAH), 15% sodium

Table 8. Summary of ICMT Inhibitor Activity on Panel of Tumor Cell Linesa

GI50 (μM)

compd in vitro IC50 (μM)

HCT-116,

K-Ras

MiaPaCa,

K-Ras

CCRF-CEM,

K-Ras

A549,

K-Ras

SKMel-2,

N-Ras

T24,

N-Ras

HL-60,

N-Ras

DU145,

WT

PC3,

WT

16 1 33 39 NT 36 36 85 NT 42 35

74 0.015 26 12 3 NT >100 43 9 76 17

75 0.001 20 19 0.3 NT >100 12 3 45 13

76 >5 >100 >100 94 NT NT NT NT NT >100

4 NT 0.04 0.0007 0.0004 NT 0.0009 0.0002 0.002 2 1
aNT = not tested. WT = wild type.
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hydroxide solution (1mL per 1.0 weight (g) equivalent LAH), and water
(3 mL per 1.0 weight (g) equivalent LAH). The reaction mixture was
filtered through Celite and concentrated under vacuum to afford amine
intermediates VI.
General Procedure A for the Synthesis of THP Ethylani-

lines: N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-
ethyl]aniline (16). 2-(2,2-Dimethyl-4-phenyl-tetrahydropyran-4-
yl)ethylamine VI (50.0 mg, 0.21 mmol), phenylboronic acid (51.2 mg,
0.42 mmol), diisopropylethylamine (135 mg, 1.05 mmol), and copper-
(II) acetate (38.1 mg, 0.21 mmol) were combined in dichloromethane
(1.0 mL) and stirred overnight at room temperature. The solvent was
removed and the residue was purified by MPLC (silica, hexane/ethyl
acetate) to provide the title compound (19.4 mg, 30%). 1H NMR
(CDCl3, 400 MHz) δ 7.32�7.38 (m, 4H), 7.22�7.27 (m, 1H), 7.05�
7.10 (m, 2H), 6.63 (tt, J = 7.2, 1.1 Hz, 1H), 6.30�6.34 (m, 2H), 3.76�
3.90 (m, 2H), 3.22 (br s, 1H), 2.90�3.00 (m, 1H), 2.56�2.66 (m, 1H),
2.41�2.47 (m, 1H), 2.23 (dd, J = 13.8, 2.7 Hz, 1H), 1.88�1.96 (m, 1H),
1.66- 1.75 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z 310 (M+H)+.
HRMS: calcd, 310.216 54 (M + H)+; found, 310.217 04.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-2-methylaniline (17). 17 was prepared according to general
procedure A using the appropriate boronic acid (4.2 mg, 4.1%). 1H
NMR (CDCl3, 400 MHz) δ 7.32�7.48 (m, 4H), 7.20�7.27 (m, 1H),
6.95�7.04 (m, 2H), 6.95 (t, J = 8.38 Hz, 1H), 6.27 (d, J = 8.38 Hz, 1H),
3.76�3.91 (m, 2H), 2.91�3.00 (m, 1H), 2.62�2.73 (m, 1H), 2.46 (d,
J = 13.8 Hz, 1H), 2.24 (d, J = 13.8 Hz, 1H), 1.90�2.03 (m, 4H),
1.68�1.81 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 324 (M +
H)+. HRMS: calcd, 324.232 19 (M + H)+; found, 324.231 04.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-methylaniline (18). 18 was prepared according to general
procedure A using the appropriate boronic acid (34.8 mg, 51%). 1H NMR
(CDCl3, 400MHz) δ 7.33�7.40 (m, 3H), 7.22�7.28 (m, 2H), 6.97 (t, J =
7.75 Hz, 1H), 6.46 (d, J = 7.75 Hz, 1H), 6.11�6.16 (m, 2H), 3.76�3.91
(m, 2H), 3.20 (br s, 1H), 2.91�3.01 (m, 1H), 2.56�2.65 (m, 1H),
2.41�2.48 (m, 1H), 2.18�2.25 (m, 1H), 2.18 (s, 3H), 1.88�1.96 (m, 1H),
1.65- 1.77 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z 324 (M+H)+.
HRMS: calcd, 324.232 19 (M + H)+; found, 324.231 27.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-methylaniline (19). 19 was prepared according to general
procedure A using the appropriate boronic acid (12.0 mg, 12%). 1H NMR
(CDCl3, 400MHz) δ 7.31�7.39 (m, 4H), 7.21�7.27 (m, 1H), 6.89 (d, J=
8.25Hz, 2H), 6.26 (d, J=8.25Hz, 2H), 3.76�3.91 (m, 2H), 2.89�2.99 (m,
1H), 2.52�2.63 (m, 1H), 2.38�2.47 (m, 1H), 2.18�2.24 (m, 4H), 1.88�
1.96 (m, 1H), 1.65- 1.75 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z
324 (M + H)+. HRMS: calcd, 324.232 19 (M + H)+; found, 324.231 15.
General Procedure B for the synthesis of THP Ethylani-

lines: N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-
yl)ethyl]-3,4-dimethylaniline (20). To a solution of bis(dibenzy-
lideneacetone)palladium(0) (Pd(dba)2, 1.0mg, 0.0017mmol), (()-BINAP
(1.0 mg, 0.017 mmol), and sodium tert-butoxide (28.2 mg, 0.294 mmol)
in N2-purged toluene (0.2 mL) was added 4-boromo-o-xylene (47.0 mg,
0.252 mmol) followed by a solution of 2-(2,2-dimethyl-4-phenyltetra-
hydropyran-4-yl)ethylamine VI (50.0 mg, 0.21 mmol) in N2-purged
toluene (0.2 mL). The vial was purged with N2, capped tightly, and the
mixture was stirred at 80 �C overnight. The reaction mixture was con-
centrated and purified byMPLC (silica, hexane/ethyl acetate) to afford the
title compound (20.4 mg, 29%). 1H NMR (CDCl3, 400 MHz) δ 7.35�
7.36 (m, 4H), 7.22�7.26 (m, 1H), 7.03 (t, J=7.8Hz, 1H), 6.68 (ddd, J=7.8,
1.9, 0.9 Hz, 1H), 6.37 (t, J = 1.9 Hz, 1H), 6.15 (ddd, J = 7.8, 2.5, 0.9 Hz,
1H), 3.77�3.88 (m, 2H), 3.20 (br s, 1H), 2.93�3.01 (m, 1H), 2.59�
2.66 (m, 1H), 2.42�2.48 (m, 1H), 2.23 (dd, J = 14.1, 2.5 Hz, 1H),
1.89�1.97 (m, 1H), 1.67�1.75 (m, 3H), 1.24 (s, 9H), 1.20 (s, 3H), 0.68
(s, 3H). ESI-MS m/z 338 (M + H)+. HRMS: calcd, 338.247 84 (M +
H)+; found, 338.247 45.

N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-
ethyl]-3,5-dimethylaniline (21). 21 was prepared according to
general procedure B using the appropriate aromatic bromide (19.8 mg,
28%). 1HNMR (CDCl3, 400MHz) δ 7.33�7.40 (m, 3H), 7.22�7.28 (m,
2H), 6.29 (s, 1H), 5.94 (s, 2H), 3.76�3.88 (m, 2H), 3.15 (br s, 1H),
2.91�2.98 (m, 1H), 2.56�2.63 (m, 1H), 2.40�2.45 (m, 1H), 2.21 (dd, J=
13.5, 2.3 Hz, 1H), 2.16 (s, 6H), 1.86�1.94 (m, 1H), 1.64�1.74 (m, 3H),
1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 338 (M + H)+. HRMS: calcd,
338.247 84 (M + H)+; found, 338.248 77.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-ethylaniline (22). 22 was prepared according to general
procedure B using the appropriate aromatic bromide (13.1 mg, 18.5%). 1H
NMR (CDCl3, 400 MHz) δ 7.35�7.39 (m, 3H), 7.22�7.27 (m, 2H),
6.98�7.02 (m, 1H), 6.49 (d, J = 7.55 Hz, 1H), 6.14�6.17 (m, 2H),
3.76�3.89 (m, 2H), 3.20 (br s, 1H), 2.93�3.03 (m, 1H), 2.58�2.65 (m,
1H), 2.49 (q, J = 7.61 Hz, 2H), 2.40�2.46 (m, 1H), 2.22 (dd, J = 13.9, 2.3
Hz, 1H), 1.88�1.95 (m, 1H), 1.67�1.74 (m, 3H), 1.20 (s, 3H), 1.16 (t, J=
7.61 Hz, 3H), 0.67 (s, 3H). ESI-MS m/z 338 (M + H)+. HRMS: calcd,
338.247 84 (M + H)+; found, 338.248 57.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-isopropylaniline (23). 23 was prepared according to
general procedure B using the appropriate aromatic bromide (31.7 mg,
43%). 1HNMR (CDCl3, 400MHz) δ 7.34�7.37 (m, 4H), 7.22�7.26 (m,
1H), 7.01 (t, J = 7.2 Hz, 1H), 6.52 (d, J = 7.2 Hz, 1H), 6.14�6.19 (m, 2H),
3.77�3.88 (m, 2H), 3.20 (br s, 1H), 2.93�3.00 (m, 1H), 2.73 (h, J = 6.9
Hz, 1H), 2.58�2.65 (m, 1H), 2.41�2.47 (m, 1H), 2.22 (dd, J = 13.9, 2.3
Hz, 1H), 1.89�1.96 (m, 1H), 1.66�1.75 (m, 3H), 1.20 (s, 3H), 1.18 (d, J=
6.9 Hz, 6H), 0.67 (s, 3H). ESI-MS m/z 352 (M + H)+. HRMS: calcd,
352.263 49 (M + H)+; found, 352.264 75.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-isopropylaniline (24). 24 was prepared according to
general procedure B using the appropriate aromatic bromide (28.3 mg,
38%). 1HNMR (CDCl3, 400MHz) δ 7.33�7.36 (m, 4H), 7.21�7.25 (m,
1H), 6.93�6.96 (m, 2H), 6.27�6.30 (m, 2H), 3.77�3.88 (m, 2H), 3.13
(br s, 1H), 2.90�2.97 (m, 1H), 2.75 (h, J = 6.8 Hz, 1H), 2.54�2.63 (m,
1H), 2.40�2.47 (m, 1H), 2.22 (dd, J = 14.0, 2.4 Hz, 1H), 1.87�1.95 (m,
1H), 1.66�1.74 (m, 3H), 1.20 (s, 3H), 1.16 (d, J = 6.8 Hz, 6H), 0.67 (s,
3H). ESI-MS m/z 352 (M + H)+. HRMS: calcd, 352.263 49 (M + H)+;
found, 352.264 52.
3-tert-Butyl-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-

pyran-4-yl)ethyl]aniline (25). 25 was prepared according to
general procedure B using the appropriate aromatic bromide (37.6 mg,
49%). 1HNMR (CDCl3, 400MHz) δ 7.33�7.38 (m, 4H), 7.22�7.26 (m,
1H), 6.83 (d, J = 8.7Hz, 1H), 6.14 (d, J = 2.7 Hz, 1H), 6.10 (dd, J = 8.7, 2.7
Hz, 1H), 3.76�3.87 (m, 2H), 3.09 (br s, 1H), 2.90�2.97 (m, 1H),
2.56�2.63 (m, 1H), 2.40�2.46 (m, 1H), 2.21 (dd, J = 14.0, 2.5 Hz, 1H),
2.12 (s, 3H), 2.10 (s, 3H), 1.85�1.94 (m, 1H), 1.64�1.74 (m, 3H), 1.20 (s,
3H), 0.67 (s, 3H). ESI-MS m/z 366 (M + H)+. HRMS: calcd, 366.279 14
(M + H)+; found, 366.280 44.
4-tert-Butyl-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-

pyran-4-yl)ethyl]aniline (26). 26 was prepared according to
general procedure B using the appropriate aromatic bromide (21.2 mg,
27%). 1HNMR (400MHz, CDCl3) δ 7.32�7.39 (m, 4H), 7.21�7.27 (m,
1H), 7.09�7.12 (m, 2H), 6.28�6.31 (m, 2H), 3.75�3.88 (m, 2H), 3.14
(br s, 1H), 2.90�2.98 (m, 1H), 2.55�2.62 (m, 1H), 2.40�2.46 (m, 1H),
2.22 (dd, J = 14.0, 2.6 Hz, 1H)), 1.87�1.95 (m, 1H), 1.67�1.74 (m, 3H),
1.24 (s, 9H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 366 (M + H)+.
HRMS: calcd, 366.279 14 (M + 1); found, 366.279 11.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-methoxyaniline (27). 27 was prepared according to
general procedure B using the appropriate aromatic bromide (57.9 mg,
81%). 1HNMR (CDCl3, 400MHz) δ 7.33�7.39 (m, 4H), 7.21�7.26 (m,
1H), 6.98 (t, J = 8.11 Hz, 1H), 6.20 (ddd, J = 8.1, 2.2, 0.7 Hz, 1H),
5.95 (ddd, J = 8.1, 2.2, 0.7 Hz, 1H), 5.89 (t, J = 2.25 Hz, 1H), 3.76�3.88
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(m, 2H), 3.71 (s, 3H), 3.23 (br s, 1H), 2.91�2.98 (m, 1H), 2.56�2.63 (m,
1H), 2.40�247 (m, 1H), 2.22 (dd, J = 13.9, 2.4 Hz, 1H), 1.88�1.95 (m,
1H), 1.66�1.74 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z340 (M+
H)+. HRMS: calcd, 340.227 11 (M + H)+; found, 340.227 10.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-methoxyaniline (28). 28 was prepared according to
general procedure A using the appropriate boronic acid (13.4mg, 19%). 1H
NMR (CDCl3, 400 MHz) δ 7.31�7.40 (m, 4H), 7.21�7.27 (m, 1H),
6.66�6.72 (m, 2H), 6.28�6.33 (m, 2H), 3.72�3.91 (m, 2H), 3.70 (s, 3H),
2.87�2.96 (m, 1H), 2.53�2.60 (m, 1H), 2.41�2.48 (m, 1H), 2.23 (dd, J =
14.1, 2.2 Hz, 1H), 1.88�1.96 (m, 1H), 1.65�1.77 (m, 3H), 1.20 (s, 3H),
0.67 (s, 3H). ESI-MSm/z 340 (M + H)+. HRMS: calcd, 340.227 11 (M +
H)+; found, 340.226 42.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-methoxy-4-methylaniline (29). 29 was prepared ac-
cording to general procedure A using the appropriate boronic acid. The
product was purified by HPLC and isolated as the trifluoroacetic acid salt
(17.5 mg, 18%). 1H NMR (CDCl3, 400 MHz) δ 7.32�7.40 (m, 4H),
7.22�7.27 (m, 1H), 7.09 (d, J = 8.0 Hz, 1H), 6.56 (d, J = 2.1 Hz, 1H), 6.51
(dd, J = 8.0, 2.1 Hz, 1H), 3.71�3.84 (m, 5H), 3.18 (dt, J = 12.3, 4.7 Hz,
1H), 2.60 (dt, J = 12.3, 4.7 Hz, 1H), 2.47 (dd, J = 14.2, 2.4 Hz, 1H), 2.32
(dd, J = 14.2, 2.4 Hz, 1H), 2.14 (s, 3H), 1.97 (dt, J = 12.7, 4.5 Hz, 1H),
1.50�1.80 (m, 3H), 1.16 (s, 3H), 0.62 (s, 3H). ESI-MSm/z 354 (M+H)+.
HRMS: calcd, 354.242 76 (M + H)+; found, 354.243 48.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3,4-dimethoxyaniline (30). 30 was prepared according
to general procedure A using the appropriate aromatic bromide (18.1 mg,
23%). 1HNMR (CDCl3, 400MHz) δ 7.33�7.38 (m, 4H), 7.21�7.27 (m,
1H), 6.65 (d, J = 8.8Hz, 1H), 5.96 (d, J = 2.9 Hz, 1H), 5.86 (dd, J = 8.8, 2.9
Hz, 1H), 3.71�3.87 (m, 8H), 2.89�2.97 (m, 1H), 2.56�2.63 (m, 1H),
2.40�2.47 (m, 1H), 2.23 (dd, J = 14.0, 2.3 Hz, 1H), 1.88�1.96 (m, 1H),
1.66- 1.74 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z 370 (M+H)+.
HRMS: calcd, 370.237 67 (M + H)+; found, 370.238 00.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-(trifluoromethoxy)aniline (31). 31 was prepared ac-
cording to general procedure B using the appropriate aromatic bromide
(39.3 mg, 47%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.40 (m, 4H),
7.24�7.28 (m, 1H), 7.04 (t, J = 9.0 Hz, 1H), 6.45 (d, J = 9.0 Hz, 1H), 6.19
(d, J = 9.0 Hz, 1H), 6.07 (s, 1H), 3.78�3.88 (m, 2H), 3.35 (br s, 1H),
2.91�2.99 (m, 1H), 2.56�2.66 (m, 1H), 2.44 (d, J= 14.0Hz, 1H), 2.24 (d,
J = 14.0 Hz, 1H), 1.88�1.96 (m, 1H), 1.65�1.74 (m, 3H), 1.20 (s, 3H),
0.67 (s, 3H). ESI-MSm/z 394 (M + H)+. HRMS: calcd, 394.198 84 (M +
H)+; found, 394.199 15.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-(trifluoromethoxy)aniline (32). 32 was prepared ac-
cording to general procedure B using the appropriate aromatic bromide
(45.9 mg, 57%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.391 (m, 4H),
7.24�7.28 (m, 1H), 6.92 (d, J = 8.11 Hz, 2H), 6.23 (d, J = 8.11 Hz, 2H),
3.77�3.91 (m, 2H), 3.27 (br s, 1H), 2.91�2.98 (m, 1H), 2.56�2.63 (m,
1H), 2.44 (d, J = 14.1 Hz, 1H), 2.24 (d, J = 14.1 Hz, 1H), 1.88�1.95 (m,
1H), 1.66�1.73 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z394 (M+
H)+. HRMS: calcd, 394.198 84 (M + H)+; found, 394.199 59.
N0-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-N,N-dimethylbenzene-1,3-diamine (33). 33 was prepared
according to general procedure B using the appropriate aromatic bromide
(28.9 mg, 39%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.36 (m, 4H),
7.20�7.25 (m, 1H), 6.95 (t, J = 8.0 Hz, 1H), 6.09 (ddd, J = 8.0, 2.3, 0.7 Hz,
1H), 5.77 (ddd, J= 8.0, 2.3, 0.7Hz, 1H), 5.71 (t, J=2.3Hz, 1H), 3.77�3.87
(m, 2H), 3.22 (br s, 1H), 2.93�3.02 (m, 1H), 2.85 (s, 6H), 2.58�2.68 (m,
1H), 2.41�2.47 (m, 1H), 2.22 (d, J = 14.0, 2.3 Hz, 1H), 1.89�1.96 (m,
1H), 1.67�1.74 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z353 (M+
H)+. HRMS: calcd, 353.258 74 (M + H)+; found, 353.259 59.
3-[2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)ethyl-

amino]phenol (34). 34 was prepared according to general procedure B

using the appropriate aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ
7.26�7.18 (m, 2H), 7.15�7.09 (m, 2H), 6.97 (t, J = 8.0 Hz, 1H), 6.14
(ddd, J=0.8, 2.4, 8.0Hz, 1H), 6.08 (ddd, J=0.8, 2.4, 8.0Hz, 1H), 5.99 (t, J=
2.4Hz, 1H), 3.73�3.58 (m, 2H), 3.14�3.07 (m, 1H), 3.00�2.93 (m, 1H),
2.01�1.90 (m, 6H), 1.32 (s, 3H), 1.31 (s, 3H). ESI-MSm/z 326 (M+H)+.
HRMS: calcd, 326.211 46 (M + H)+; found, 326.212 16.
3-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]amino}benzonitrile (35). 35 was prepared according to
general procedure B using the appropriate aromatic bromide (18.2 mg,
26%). 1HNMR (CDCl3, 400MHz) δ 7.34�7.42 (m, 4H), 7.26�7.31 (m,
1H), 7.10 (t, J = 8.3Hz, 1H), 6.86�6.88 (m 1H), 6.45 (ddd J = 8.3, 2.5, 0.9
Hz, 1H), 6.40 (dd, J = 2.0, 1.6 Hz, 1H), 3.78�3.89 (m, 2H), 3.43 (t, J = 5.8
Hz, 1H), 2.92�3.00 (m, 1H), 2.58�2.66 (m, 1H), 2.40�247 (m, 1H),
2.24 (dd, J = 14.0, 2.4 Hz, 1H), 1.88�1.95 (m, 1H), 1.65�1.73 (m, 3H),
1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 335 (M + H)+. HRMS: calcd,
335.211 79 (M + H)+; found, 335.212 11.
4-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]amino}benzonitrile (36). 36 was prepared according to
general procedureBusing the appropriate aromatic bromide (20.8mg, 30%).
1H NMR (CDCl3, 400 MHz) δ 7.25�7.41 (m, 7H), 6.18�6.21 (m, 2H),
3.77�3.88 (m, 2H), 3.73 (t, J=5.3Hz, 1H), 2.96�3.04 (m, 1H), 2.63�2.71
(m, 1H), 2.40�2.46 (m, 1H), 2.24 (dd, J=13.9, 2.6Hz, 1H), 1.87�1.95 (m,
1H), 1.65�1.74 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z 328 (M+
H)+. HRMS: calcd, 335.211 79 (M + H)+; found, 335.211 50.
3-Chloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-pyr-

an-4-yl)ethyl]aniline (37). 37 was prepared according to general
procedure A using the appropriate boronic acid (9.4 mg, 8.5%). 1H
NMR (CDCl3, 400 MHz) δ 7.33�7.42 (m, 4H), 7.24�7.30 (m, 1H),
6.96 (t, J = 8.16 Hz, 1H), 6.58 (dd, J = 8.2, 2.0 Hz, 1H), 6.25 (t, J = 12.0
Hz, 1H), 6.16 (dd, J = 8.2, 2.0 Hz, 1H), 3.72�3.91 (m, 2H), 3.30 (br s,
1H), 2.87�2.96 (m, 1H), 2.55�2.62 (m, 1H), 2.40�246 (m, 1H), 2.23
(dd, J = 13.8, 2.2 Hz, 1H), 1.86�1.95 (m, 1H), 1.64�1.74 (m, 3H), 1.20
(s, 3H), 0.67 (s, 3H). ESI-MS m/z 344 (M + H)+. HRMS: calcd,
344.177 57 (M + H)+; found, 344.176 57.
4-Chloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-pyr-

an-4-yl)ethyl]aniline (38). 38 was prepared according to general
procedure A using the appropriate boronic acid (10.6 mg, 15%). 1H
NMR (CDCl3, 400 MHz) δ 7.30�7.41 (m, 4H), 7.22�7.28 (m, 1H),
6.98�7.03 (m, 2H), 6.17�6.22 (m, 2H), 3.76�3.91 (m, 2H), 3.20 (br s,
1H), 2.91�3.01 (m, 1H), 2.56�2.65 (m, 1H), 2.41�2.48 (m, 1H), 2.23
(dd, J = 14.1, 2.2 Hz, 1H), 1.88�1.96 (m, 1H), 1.65�1.77 (m, 3H), 1.20
(s, 3H), 0.67 (s, 3H). ESI-MS m/z 344 (M + H)+. HRMS: calcd,
344.177 57 (M + H)+; found, 344.177 36.
3,5-Dichloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-

pyran-4-yl)ethyl]aniline (39). 39was prepared according to general
procedure B using the appropriate aromatic bromide (66.7mg, 84%). 1H
NMR (CDCl3, 400 MHz) δ 7.33�7.41 (m, 4H), 7.25�7.29 (m, 1H),
6.57 (t, J = 1.95 Hz, 1H), 6.10 (d, J = 1.95 Hz, 2H), 3.77�3.88 (m, 2H),
3.55 (t, J = 5.45 Hz, 1H), 2.87�2.96 (m, 1H), 2.54�2.62 (m, 1H),
2.39�2.45 (m, 1H), 2.23 (dd, J = 14.1, 2.7 Hz, 1H), 1.86�1.93 (m, 1H),
1.63�1.72 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 379 (M +
H)+. HRMS: calcd, 378.138 60 (M + H)+; found, 378.136 82.
3,4-Dichloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-

pyran-4-yl)ethyl]aniline (40). 40 was prepared according to gen-
eral procedure B using the appropriate aromatic bromide (44.5 mg, 56%).
1H NMR (CDCl3, 400 MHz) δ 7.33�7.39 (m, 4H), 7.23�7.28 (m, 1H),
6.89 (d, J = 8.2 Hz, 1H), 6.30 (d, J = 2.8 Hz, 1H), 6.12 (dd, J = 8.2, 2.8 Hz,
1H), 3.76�3.88 (m, 2H), 3.12 (br s, 1H), 2.88�2.95 (m, 1H), 2.53�2.61
(m, 1H), 2.40�2.46 (m, 1H), 2.18�2.24 (m, 4H), 1.86�1.93 (m, 1H),
1.64�1.73 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z 378 (M+H)+.
HRMS: calcd, 378.138 60 (M + H)+; found, 378.138 16.
4-Chloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-pyr-

an-4-yl)ethyl]-3-methylaniline (41). 41was prepared according to
general procedure B using the appropriate aromatic bromide (31.0 mg,



5041 dx.doi.org/10.1021/jm200249a |J. Med. Chem. 2011, 54, 5031–5047

Journal of Medicinal Chemistry ARTICLE

41%). 1H NMR (CDCl3, 400 MHz) δ 7.34�7.39 (m, 3H), 7.24�7.28
(m, 2H), 6.98�7.01 (m, 1H), 6.12�6.13 (m, 1H), 6.07 (dd, J = 8.7, 2.7
Hz, 1H), 3.77�3.88 (m, 2H), 3.16 (br s, 1H), 2.90�2.96 (m, 1H),
2.55�2.62 (m, 1H), 2.39�2.51(m, 1H), 2.16�2.24 (m, 4H), 1.86�1.94
(m, 1H), 1.64�1.73 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z
358 (M + H)+. HRMS: calcd, 358.193 22 (M + H)+; found, 358.194 56.
3-Chloro-N-[2-(2,2-dimethyl-4-phenyltetrahydro-2H-pyr-

an-4-yl)ethyl]-4-methylaniline (42). 42was prepared according to
general procedure B using the appropriate aromatic bromide (36.5 mg,
49%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.39 (m, 4H), 7.23�7.28
(m, 1H), 6.89 (d, J = 8.2 Hz, 1H), 6.30 (d, J = 2.8 Hz, 1H), 6.12 (dd, J =
8.2, 2.8 Hz, 1H), 3.76�3.88 (m, 2H), 3.12 (br s, 1H), 2.88�2.95 (m,
1H), 2.53�2.61 (m, 1H), 2.40�2.46 (m, 1H), 2.18�2.24 (m, 4H),
1.86�1.93 (m, 1H), 1.64�1.73 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H).
ESI-MSm/z 358 (M +H)+. HRMS: calcd, 358.193 22 (M +H)+; found,
358.194 44.
[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)ethyl]-

(2-fluorophenyl)amine (43). 43 was prepared according to general
procedure B using the appropriate aromatic bromide. (CDCl3, 400 MHz)
δ 7.39�7.32 (m, 4H), 7.27�7.22 (m, 1H), 6.91�6.85 (m, 2H), 6.56�
6.51 (m, 1H), 6.31 (dt, J = 1.7, 8.6Hz, 1H), 3.89�3.77 (m, 2H), 3.55 (br s,
1H), 2.97 (m, 1H), 2.61 (m, 1H), 2.44 (dq, J = 2.2, 14.0 Hz, 1H), 2.23 (dd,
J = 2.2, 14.0 Hz, 1H), 1.97�1.90 (m, 1H), 1.77�1.68 (m, 3H), 1.20 (s,
3H), 0.67 (s, 3H). ESI-MS m/z 328 (M + H)+. HRMS: calcd, 328.207 12
(M + H)+; found, 328.208 22.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-fluoroaniline (44). 44was prepared according to general
procedure B using the appropriate aromatic bromide (33.3 mg, 48%). 1H
NMR (CDCl3, 400MHz) δ 7.33�7.39 (m, 4H), 7.23�7.28 (m, 1H), 6.98
(dt, J = 8.3, 6.9 Hz, 1H), 6.30 (dt, J = 8.3, 2.4 Hz, 1H), 6.06 (m, 1H), 5.96
(dt, J = 11.6, 2.4 Hz, 1H), 3.77�3.88 (m, 2H), 3.22 (br s, 1H), 2.89�2.99
(m, 1H), 2.55�2.62 (m, 1H), 2.41�246 (m, 1H), 2.23 (dd, J = 13.8, 2.7
Hz, 1H), 1.87�1.95 (m, 1H), 1.66�1.74 (m, 3H), 1.20 (s, 3H), 0.67 (s,
3H). ESI-MS m/z 328 (M + H)+. HRMS: calcd, 328.207 12 (M + H)+;
found, 328.207 37.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-fluoroaniline (45). 45 was prepared according to general
procedure B using the appropriate aromatic bromide (40.6 mg, 59%). 1H
NMR (CDCl3, 400 MHz) δ 7.33�7.38 (m, 4H), 7.23�7.27 (m, 1H),
6.76�6.80 (m, 2H), 6.20�6.26 (m, 2H), 3.76�3.87 (m, 2H), 3.07 (br s,
1H), 2.88�2.95 (m, 1H), 2.53�2.60 (m, 1H), 2.41�2.46 (m, 1H), 2.23
(dd, J= 14.0, 2.4Hz, 1H), 1.87�1.94 (m, 1H), 1.65�1.73 (m, 3H), 1.20 (s,
3H), 0.67 (s, 3H). ESI-MS m/z 328 (M + H)+. HRMS: calcd, 328.207 12
(M + H)+; found, 328.207 94.
[2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)ethyl]-

(2-fluoro-4-methylphenyl)amine (46). 46 was prepared ac-
cording to general procedure B using the appropriate aromatic bromide. 1H
NMR (CDCl3, 400 MHz) δ 7.39�7.32 (m, 4H), 7.26�7.21 (m, 1H),
6.74�6.66 (m, 2H), 6.21 (dd, J = 8.4, 9.0 Hz, 1H), 3.88�3.77 (m, 2H),
3.39 (br s, 1H), 2.99�2.90 (m, 1H), 2.63�2.54 (m, 1H), 2.43 (dq, J = 2.5,
14.0 Hz, 1H), 2.22 (dq, J = 2.5, 14.0 Hz, 1H), 2.19 (s, 3H), 1.96�1.88 (m,
1H), 1.76�1.68 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MSm/z342 (M+
H)+. HRMS: calcd, 342.222 77 (M + H)+; found, 342.223 35.
[2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)ethyl]-

(3-fluoro-4-methoxyphenyl)amine (47). 47 was prepared
according to general procedure B using the appropriate aromatic
bromide. 1H NMR (CDCl3, 400 MHz) δ 7.39�7.32 (m, 4H),
7.29�7.23 (m, 1H), 6.78�6.70 (m, 1H), 6.09 (dd, J = 2.8, 13.8
Hz, 1H), 6.01 (ddd, J = 1.3, 2.8, 8.6 Hz, 1H), 3.88�3.79 (m, 2H), 3.78
(s, 3H), 3.02 (br s, 1H), 2.93�2.86 (m, 1H), 2.58�2.51 (m, 1H),
2.43 (dq, J = 2.4, 14.0 Hz, 1H), 2.23 (dq, J = 2.4, 14.0 Hz, 1H),
1.93�1.86 (m, 1H), 1.73�1.64 (m, 3H), 1.20 (s, 3H), 0.67 (s, 3H).
ESI-MS m/z 358 (M + H)+. HRMS: calcd, 358.217 68 (M + H)+;
found, 358.218 08.

(3,5-Difluoro-4-methoxyphenyl)-[2-(2,2-dimethyl-4-phenyl-
tetrahydropyran-4-yl)ethyl]amine (48). 48 was prepared according
to general procedure B using the appropriate aromatic bromide. 1H NMR
(CDCl3, 400MHz) δ 7.40�7.32 (m, 4H), 7.29�7.24 (m, 1H), 5.82�5.75
(m, 2H), 3.88�3.76 (m, 5H), 3.17 (t, J = 6.3 Hz, 1H), 2.91�2.82 (m, 1H),
2.58�2.50 (m, 1H), 1.92�1.85 (m, 1H), 1.72�1.63 (m, 3H), 2.42 (dq, J =
2.8, 14.0 Hz, 1H), 2.23 (dd, J = 2.8, 14.0, 1H), 1.20 (s, 3H), 0.67 (s, 3H).
ESI-MS m/z 376 (M + H)+. HRMS: calcd, 376.208 26 (M + H)+; found,
376.208 46.
(4-Chloro-3-fluorophenyl)-[2-(2,2-dimethyl-4-phenyltetra-

hydropyran-4-yl)ethyl]amine (49). 49 was prepared according to
general procedure B using the appropriate aromatic bromide. 1H NMR
(CDCl3, 400 MHz) δ 7.40�7.32 (m, 4H), 7.28�7.24 (m, 1H), 7.02�
6.98 (m, 2H), 6.02�5.97 (m, 2H), 3.88�3.77 (m, 2H), 3.29 (t, J= 5.4Hz,
1H), 2.96�2.87 (m, 1H), 2.62�2.54 (m, 1H), 2.42 (dq, J = 2.4, 14.0 Hz,
1H), 2.23 (dd, J = 2.4, 14.0 Hz, 1H), 1.93�1.86 (m, 1H), 1.72�1.64 (m,
3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 362 (M + H)+. HRMS:
calcd, 362.168 15 (M + H)+; found 362.169 50.
(3-Chloro-4-fluorophenyl)-[2-(2,2-dimethyl-4-phenyltetra-

hydropyran-4-yl)ethyl]amine (50). 50 was prepared according to
general procedure B using the appropriate aromatic bromide. 1H NMR
(CDCl3, 400 MHz) δ 7.40�7.32 (m, 4H), 7.29�7.24 (m, 1H), 6.84 (t,
J = 8.9 Hz, 1H), 6.25 (dd, J = 3.1, 6.3 Hz, 1H), 6.10 (m, 1H), 3.89�3.77
(m, 2H), 3.12 (t, J = 5.0 Hz, 1H), 2.95�2.86 (m, 1H), 2.61�2.52 (dq, J =
2.4, 14.0 Hz, 1H), 2.23 (dd, J = 2.4, 14.0 Hz, 1H), 1.94�1.87 (m, 1H),
1.73�1.64 (m, 3H), 1.20 (s, 3H), 0.60 (s, 3H). ESI-MS m/z 362 (M +
H)+. HRMS: calcd, 362.168 15 (M + H)+; found, 362.169 18.
(5-Chloro-2-fluorophenyl)-[2-(2,2-dimethyl-4-phenyltetra-

hydropyran-4-yl)ethyl]amine (51). 51 was prepared according to
general procedure B using the appropriate aromatic bromide. 1H NMR
(CDCl3, 400MHz) δ 7.40�7.32 (m, 4H), 7.29�7.24 (m, 1H), 6.78 (dd,
J = 8.6, 11.3 Hz, 1H), 6.49�6.46 (m, 1H), 6.21 (dd, J = 2.5, 7.6 Hz, 1H),
3.89�3.77 (m, 2H), 3.62 (q, J = 5.0 Hz, 1H), 2.99�2.90 (m, 1H),
2.63�2.55 (m, 1H), 2.44 (dq, J = 2.4, 14.0 Hz, 1H), 2.23 (dd, J = 2.4, 14.0
Hz, 1H), 1.98�1.90 (m, 1H), 1.75�1.66 (m, 3H), 1.20 (s, 3H), 0.67 (s,
3H). ESI-MS m/z 362 (M + H)+. HRMS: calcd, 362.168 15 (M + H)+;
found, 362.168 66.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-3-(trifluoromethyl)aniline (52). 52 was prepared ac-
cording to general procedure A using the appropriate boronic acid
(12.0 mg, 10%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.42 (m, 4H),
7.24�7.30 (m, 1H), 7.14 (t, J = 7.89 Hz, 1H), 6.85 (d, J = 7.89 Hz, 1H),
6.85 (s, 1H), 6.41 (d, J = 7.89 Hz, 1H), 3.72�3.91 (m, 2H), 3.40 (br s,
1H), 2.87�2.96 (m, 1H), 2.53�2.60 (m, 1H), 2.45 (dd, J = 14.1, 2.2 Hz,
1H), 2.23 (dd, J = 14.1, 2.2 Hz, 1H), 1.88�1.96 (m, 1H), 1.65�1.77 (m,
3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 378 (M + H)+. HRMS:
calcd, 378.203 93 (M + H)+; found, 378.204 93.
General Procedure C for the Synthesis of THP Ethylani-

lines: N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-
yl)ethyl]-3-nitroaniline (53). 2-(2,2-Dimethyl-4-phenyltetrahydro-
pyran-4-yl)ethylamine VI (50.0 mg, 0.21 mmol), 1-fluoro-3-nitroben-
zene (35.5 mg, 0.252 mmol), and potassium carbonate (138 mg, 0.21
mmol) were combined in dimethylformamide (0.1mL), and themixture
was heated in a microwave at 150 �C for 5min. The reactionmixture was
purified by MPLC (silica, hexane/ethyl acetate) to provide the title
compound (17.4 mg, 23%). 1H NMR (CDCl3, 400 MHz) δ 7.35�7.45
(m, 5H), 7.26�7.30 (m, 1H), 7.16 (t, J = 8.1 Hz, 1H), 7.08 (t, J = 2.3 Hz,
1H), 6.51 (ddd, J = 8.1, 2.3, 0.8 Hz, 1H), 3.79�3.90 (m, 2H), 3.52 (t, J =
5.7 Hz, 1H), 2.98�3.07 (m, 1H), 2.64�2.72 (m, 1H), 2.43�2.48 (m,
1H), 2.25 (d, J = 13.9, 2.4 Hz, 1H), 1.92�1.99 (m, 1H), 1.67�1.75 (m,
3H), 1.21 (s, 3H), 0.68 (s, 3H). ESI-MS m/z 355 (M + H)+. HRMS:
calcd, 355.201 62 (M + H)+; found, 355.201 57.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-4-nitroaniline (54). 54 was prepared according to general
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procedure C using the appropriate aromatic fluoride (18.3 mg, 25%).
1H NMR (CDCl3, 400 MHz) δ 7.95�7.99 (m, 2H), 7.34�7.42 (m,
4H), 7.26�7.31 (m, 1H), 6.13�6.17 (m, 2H), 4.02 (t, J = 5.2 Hz, 1H),
3.78�3.89 (m, 2H), 3.03�3.11 (m, 1H), 2.71�2.79 (m, 1H),
2.41�2.47 (m, 1H), 2.25 (dd, J = 14.0, 2.4 Hz, 1H), 1.90�1.97 (m,
1H), 1.66�1.77 (m, 3H), 1.21 (s, 3H), 0.68 (s, 3H). ESI-MSm/z 355
(M + H)+. HRMS: calcd, 355.201 62 (M + H)+; found, 355.201 34.
4-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]amino}benzenesulfonamide (55). 55 was prepared ac-
cording to general procedure A using the appropriate boronic acid (12.8
mg, 16%). 1H NMR (CDCl3, 400 MHz) δ 7.38�7.50 (m, 6H), 7.26 (t,
J = 7.3Hz, 1H), 6.28 (d, J = 7.3 Hz, 2H), 3.73�3.87 (m, 2H), 2.96 (dt, J =
11.9, 5.6Hz, 1H), 2.50�2.57 (m, 2H), 2.33 (d, J= 14.5Hz, 1H), 2.33 (dd,
J = 11.8, 4.5 Hz, 1H), 1.64�1.70 (m, 3H), 1.17 (s, 3H), 0.65 (s, 3H). ESI-
MS m/z 389 (M + H)+. HRMS: calcd, 389.189 34 (M + H)+; found,
389.190 01.
3-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]amino}-N,N-dimethylbenzenesulfonamide (56). 56
was prepared according to general procedure A using the appropriate
boronic acid. The product was purified by HPLC and isolated as the
trifluoroacetic acid salt (9.8 mg, 8.8%). 1H NMR (CDCl3, 400 MHz) δ
7.43�7.46 (m, 3H), 7.39 (t, J = 7.8 Hz, 1H), 7.24 (t, J = 7.4 Hz, 1H), 7.19
(t, J = 7.8 Hz, 1H), 6.86 (ddd, J = 7.4, 2.3, 0.8 Hz, 1H), 6.66 (t, J = 2.3 Hz,
1H), 6.53 (ddd, J = 7.4, 2.3, 0.8 Hz, 1H), 3.85 (dt, J = 12.1, 1.9 Hz, 1H),
3.73�3.78 (m, 1H), 2.90�2.97 (m, 1H), 2.47�2.60 (m, 9H), 1.89�1.98
(m, 1H), 1.64�1.72 (m, 3H), 1.18 (s, 3H), 0.66 (s, 3H). ESI-MSm/z 417
(M + H)+. HRMS: calcd, 417.220 64 (M + H)+; found, 417.219 79.
N-(3-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]amino}phenyl)acetamide (57). 57 was prepared according to
general procedure A using appropriate boronic acid. The product was
purified by HPLC and isolated as the trifluoroacetic acid salt (19.5 mg,
19%). 1H NMR (CDCl3, 400 MHz) δ 7.60 (s, 1H), 7.35�7.40 (m, 4H),
7.22�7.30 (m, 2H), 7.15�7.18 (m, 1H), 6.71 (dd, J = 7.5, 1.4 Hz, 1H),
3.71�3.85 (m, 2H), 3.15 (dt, J = 11.9, 4.8 Hz, 1H), 2.59 (dt, J = 11.9, 4.8
Hz, 1H), 2.47 (dd, J = 14.0, 2.4 Hz, 1H), 2.33 (dd, J = 14.0, 2.4 Hz, 1H),
2.12 (s, 3H), 1.97 (dt, J = 12.3, 5.0 Hz, 1H), 1.77 (dt, J = 12.3, 5.0 Hz, 1H),
1.59�1.70 (m, 2H), 1.16 (s, 3H), 0.63 (s, 3H). ESI-MSm/z 367 (M+H)+.
HRMS: calcd, 367.238 00 (M + H)+; found, 367.236 96.
Ethyl 4-{[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-

4-yl)ethyl]amino}benzoate (58). 58 was prepared according to
general procedure C using the appropriate aromatic fluoride (40.7 mg,
51%). 1H NMR (CDCl3, 400 MHz) δ 7.74�7.78 (m, 2H), 7.33�7.41
(m, 4H), 7.25�7.29 (m, 1H), 6.20�6.24 (m, 2H), 4.31 (quint, J = 6.9
Hz, 2H), 3.78�3.88 (m, 2H), 3.67 (br s, 1H), 3.34�3.42 (m, 2H),
2.98�3.06 (m, 1H), 2.64�2.72 (m, 1H), 2.41�2.47 (m, 1H), 2.24 (dd,
J = 14.4, 2.7 Hz, 1H), 1.87�1.96 (m, 1H), 1.59�1.74 (m, 2H), 1.34 (t,
J = 6.9 Hz, 2H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 382 (M + H)+.
HRMS: calcd, 382.237 67 (M + H)+; found, 382.238 22.
3-[2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)ethyl-

amino]benzoic Acid (59). 59 was prepared according to general
procedure B using the appropriate aromatic bromide. 1H NMR
(CDCl3, 400 MHz) δ 7.40�7.34 (m, 5H), 7.29�7.23 (m, 1H), 7.16
(t, J = 8.4Hz, 1H), 7.06 (s, 1H), 6.50 (d, J = 8.4 Hz, 1H), 3.90�3.79 (m,
2H), 3.06�2.97 (m, 1H), 2.70�2.63 (m, 1H), 2.47 (d, J = 14.0 Hz,
1H), 2.42 (d, J = 14.0 Hz, 1H), 1.99�1.90 (m, 1H), 1.72�1.68 (m,
3H), 1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 354 (M + H)+. HRMS:
calcd, 354.206 37 (M + H)+; found, 354.207 28.
[2-(2,2-Dimethyl-4-p-tolyltetrahydropyran-4-yl)ethyl]-(3-

methoxyphenyl)amine (60). 60 was prepared according to general
procedure A using the appropriate intermediate amine VI and boronic
acid. 1HNMR (CDCl3, 400MHz) δ 7.23�7.10 (m, 4H), 6.99 (t, J = 8.2
Hz, 1H), 6.20 (dd, 2.4, 8.2 Hz, 1H), 5.96 (dd, 2.4, 8.2 Hz, 1H), 5.89 (t,
J = 2.4 Hz, 1H), 3.84�3.68 (m, 5H), 3.26 (br s, 1H), 2.97�2.90 (m,
1H), 2.64�2.57 (m, 1H), 2.44�2.31 (m, 4H), 2.20 (dd, J = 2.4, 14.0 Hz,

1H), 1.93�1.84 (m, 1H), 1.70�1.63 (m, 3H), 1.19 (s, 3H), 0.69 (s, 3H).
ESI-MSm/z 354 (M+H)+. HRMS: calcd, 354.242 76 (M+H)+; found,
354.241 64.
3-Methoxy-N-{2-[4-(4-methoxyphenyl)-2,2-dimethyltetra-

hydro-2H-pyran-4-yl]ethyl}aniline (61). 61 was prepared accord-
ing to general procedure B using the appropriate intermediate amine VI
and aromatic bromide (24.0 mg, 31%). 1H NMR (CDCl3, 400 MHz) δ
7.22�7.26 (m, 3H), 6.99 (t, J = 8.0Hz, 1H), 6.89 (d, J = 8.0Hz, 1H), 6.20
(ddd, J= 8.1, 2.2, 0.8Hz, 1H), 5.95 (ddd, J= 8.1, 2.2, 0.8Hz, 1H), 5.90 (t, J
= 2.2 Hz, 1H), 3.74�3.85 (m, 5H), 3.72 (s, 3H), 3.25 (br s, 1H),
2.89�2.96 (m, 1H), 2.57�2.64 (m, 1H), 2.35�241 (m, 1H), 2.17 (dd, J=
13.9, 2.3 Hz, 1H), 1.84�1.91 (m, 1H), 1.64�1.72 (m, 3H), 1.19 (s, 3H),
0.69 (s, 3H). ESI-MSm/z 370 (M +H)+. HRMS: calcd, 370.237 67 (M +
H)+; found, 370.236 24.
{2-[4-(4-Chlorophenyl)-2,2-dimethyltetrahydropyran-4-yl]-

ethyl}-(3-methoxyphenyl)amine (62). 62was prepared according to
general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1HNMR(CDCl3, 400MHz) δ 7.33 (d, J= 8.7Hz, 2H),
7.27 (d, J = 8.7Hz, 2H), 7.00 (t, J= 8.2Hz, 1H), 6.22 (ddd, J = 0.82, 2.4, 8.2
Hz, 1H), 5.89 (t, J= 2.4Hz, 1H), 3.80�3.77 (m, 2H), 3.72 (s, 3H), 3.27 (s,
1H), 2.96�2.89 (m, 1H), 2.61�2.53 (m, 1H), 2.38 (dq, J = 2.1, 14.0 Hz,
1H), 2.17 (dd, J = 2.1, 14.0 Hz, 1H), 1.91�1.82 (m, 1H), 1.75�1.66 (m,
3H), 1.20 (s, 3H), 0.68 (s, 3H). ESI-MSm/z 374 (M+H)+. HRMS: calcd,
374.188 13 (M + H)+; found, 374.186 49.
{2-[4-(3-Chlorophenyl)-2,2-dimethyltetrahydropyran-4-yl]-

ethyl}-(3-methoxyphenyl)amine (63). 63was prepared according to
general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ 7.35�7.22 (m, 5H),
7.00 (t, J = 6.8 Hz, 1H), 6.22 (d, J = 8.0 Hz, 1H), 5.98 (d, J = 8.2 Hz, 1H),
5.92 (m, 1H), 3.80 (m, 2H), 3.72 (s, 3H), 3.31 (br s, 1H), 2.97�2.91 (m,
1H), 2.62�2.55 (m, 1H), 2.44�2.35 (m, 1H), 2.15 (dd, J = 2.4, 14.0 Hz,
1H), 1.93�1.85 (m, 1H), 1.76�1.69 (m, 3H), 1.20 (s, 3H), 0.70 (s, 3H).
ESI-MSm/z 374 (M +H)+. HRMS: calcd, 374.188 13; found, 374.186 71.
{2-[4-(4-Fluorophenyl)-2,2-dimethyltetrahydropyran-4-yl]-

ethyl}-(3-methoxyphenyl)amine (64). 64was prepared according to
general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1HNMR(CDCl3, 400MHz)δ7.31�7.28 (m, 2H), 7.05
(t, J = 8.4 Hz, 1H), 7.00 (t, J = 8.4 Hz, 1H), 6.21 (ddd, J = 0.8, 2.4, 8.4 Hz,
1H), 5.97 (ddd, J = 0.8, 2.0, 8.0Hz, 1H), 5.90 (t, J = 2.4Hz, 1H), 3.81�3.77
(m, 2H), 3.72 (s, 3H), 3.28 (br s, 1H), 2.96�2.89 (m, 1H), 2.62�2.55 (m,
1H), 2.38 (dq, J = 2.4, 14.0 Hz, 1H), 2.15 (dd, J = 2.4, 14.0 Hz, 1H),
1.92�1.85 (m, 1H), 1.75�1.67 (m, 3H), 1.20 (s, 3H), 0.68 (s, 3H). ESI-MS
m/z 358 (M+H)+.HRMS: calcd, 358.217 68 (M+H)+; found, 358.218 99.
{2-[4-(3-Fluoro-phenyl)-2,2-dimethyltetrahydropyran-4-yl]-

ethyl}-(3-methoxyphenyl)amine (65). 65was prepared according to
general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ 7.36�7.30 (m, 1H),
7.13�7.11 (m, 1H), 7.06�6.92 (m, 3H), 6.21 (ddd, J=0.8, 2.4, 8.4Hz, 1H),
5.98 (ddd, J = 0.8, 2.4, 8.4 Hz, 1H), 5.91 (t, J = 2.4 Hz, 1H), 3.83�3.77 (m,
2H), 3.72 (s, 3H), 3.31 (br s, 1H), 2.98�2.91 (m, 1H), 2.62�2.54 (m, 1H),
2.37 (dq, J = 2.4, 14.0 Hz, 1H), 2.15 (dd, J = 2.4, 14.0 Hz, 1H), 1.93�1.86
(m, 1H), 1.76�1.68 (m, 3H), 1.20 (s, 3H), 0.69 (s, 3H). ESI-MSm/z 358
(M + H)+. HRMS: calcd, 358.217 68 (M + H)+; found, 358.217 57.
[2-(2,2-Dimethyl-4-thiophen-2-yltetrahydropyran-4-yl)-

ethyl]-(3-methoxyphenyl)amine (66). 66 was prepared according
to general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ 7.23 (dd, J = 0.4, 5.6
Hz, 1H), 7.01 (t, J = 8.0 Hz, 1H), 6.97 (m, 1H), 6.84 (dd, J = 1.2, 3.6 Hz,
1H), 6.22 (ddd, J = 0.8, 2.4, 8.4 Hz, 1H), 6.03 (ddd, J = 0.8, 2.0, 8.0 Hz,
1H), 5.97 (t, J = 2.4 Hz, 1H), 3.92 (dt, J = 2.0, 12.0 Hz, 1H), 3.79�3.74
(m, 1H), 3.73 (s, 3H), 3.32 (br s, 1H), 3.05�2.98 (m, 1H), 2.79�2.72
(m, 1H), 2.27 (dq, J = 2.4, 14.0 Hz, 1H), 2.11 (dd, J = 2.4, 14.0 Hz, 1H),
1.94�1.87 (m, 1H), 1.80�1.73 (m, 3H), 1.21 (s, 3H), 0.86 (s, 3H).
ESI-MSm/z 346 (M+H)+.HRMS: calcd, 346.183 53; found, 346.184 09.
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[2-(2,2-Dimethyl-4-thiophen-2-yltetrahydropyran-4-yl)-
ethyl]phenylamine (67). 67 was prepared according to general
procedure B using the appropriate intermediate amine VI and aromatic
bromide. 1H NMR (CDCl3, 400 MHz) δ 7.27�7.24 (m, 1H), 7.11 (dt,
J = 1.2, 7.2 Hz, 2H), 6.98�6.96 (m, 1H), 6.85 (dd, J = 1.2, 3.2 Hz, 1H),
6.65 (tt, J = 1.2, 7.6 Hz, 1H), 6.41 (dd, J = 0.8, 8.8 Hz, 2H), 3.93 (dt, J = 2,
12.0 Hz, 1H), 3.77�3.75 (m, 1H), 3.30 (br s, 1H), 3.07�3.00 (m, 1H),
2.81�2.74 (m, 1H), 2.28 (dd, J = 2.0, 14.0 Hz, 1H), 2.11 (dd, J = 2.0, 14.0
Hz, 1H), 1.95�1.88 (m, 1H), 1.81�1.73 (m, 3H), 1.21 (s, 3H), 0.86 (s,
3H). ESI-MS m/z 316 (M + H)+. HRMS: calcd, 316.172 96 (M + H)+;
found, 316.171 58.
(3-Chlorophenyl)-[2-(2,2-dimethyl-4-thiophen-2-yltetra-

hydropyran-4-yl)ethyl]amine (68). 68 was prepared according to
general procedure B using the appropriate intermediate amine VI and
aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ 7.25 (dd, J = 1.2, 5.2
Hz, 1H), 7.01�6.97 (m, 2H), 6.85 (dd, J = 1.2, 3.2 Hz, 1H), 6.60 (ddd, J =
0.8, 2.0, 7.6Hz, 1H), 6.34 (t, 2.4Hz, 1H), 6.25 (ddd, J=0.8, 2.4, 8.4Hz, 1H),
3.92 (dt, 1.6, 12.0 Hz, 1H), 3.79�3.75 (m, 1H), 3.37 (br s, 1H), 3.04�2.97
(m, 1H), 2.80�2.72 (m, 1H), 2.26 (dq, 2.4, 14.0Hz, 1H), 2.11 (dd, 2.4, 14.0
Hz, 1H), 1.93�1.86 (m, 1H), 1.80�1.71 (m, 3H), 1.21 (s, 3H), 0.86 (s,
3H). ESI-MS m/z 350 (M + H)+. HRMS: calcd, 350.133 99 (M + H)+;
found, 350.133 78.
General Procedure D for the Synthesis of THP Aceta-

mides: 2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-N-
phenylacetamide (7a). A mixture of nitrile 5 (458 mg, 2.0 mmol)
in concentrated HCl/acetic acid (2.0 mL/6.0 mL) was stirred at reflux for
48 h. The reaction mixture was cooled to room temperature, extracted with
ethyl acetate, and the combined organic extracts were concentrated under
vacuum. The carboxylic acid 6 thus obtained was dissolved in CH2Cl2
(10.0mL). Diisopropylethylamine (0.70mL, 4.0mmol) was added, and the
resulting solution was cooled to 0 �C. To this solution was added isobutyl
chloroformate (0.40 mL, 3.0 mmol), and the reaction mixture was stirred at
0 �C for 20 min. Aniline (0.30 mL, 3.0 mmol) was then added, and the
reactionmixture was warmed to room temperature and stirred for 16 h. The
solvent was evaporated, and the residue was purified by silica gel MPLC. 1H
NMR (CDCl3, 400 MHz) δ 7.41�4.40 (m, 4H), 7.33�7.28 (m, 1H),
7.21�7.16 (m, 2H), 7.02�6.96 (m, 3H), 5.93 (s, 1H), 3.80 (dd, 2.8, 8.4Hz,
2H), 2.61 (d, J = 12.8 Hz, 1H), 2.48 (dq, J = 2.4, 14.0 Hz, 1H), 2.43 (d, J =
12.8Hz, 1H), 2.35 (dd, J = 2.4, 14.0Hz, 1H), 1.94 (dt, J= 7.2, 14.4Hz, 1H),
1.85 (d, J = 14.0Hz, 1H), 1.26 (s, 3H), 0.71 (s, 3H). ESI-MSm/z 324 (M+
H)+. HRMS: calcd, 324.195 81 (M + H)+; found, 324.196 40.
2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-N-(3-

methoxyphenyl)acetamide (7b). 7b was prepared according to
general procedure D using nitrile 5 and m-anisidine. 1H NMR (CDCl3,
400 MHz) δ 7.41 (d, J = 4.4 Hz, 4H), 7.35�7.30 (m, 1H), 7.06 (t, J = 8.0
Hz, 1H), 6.76 (t, J = 2.4 Hz, 1H), 6.56 (ddd, J = 0.8, 2.4, 8.0 Hz, 1H), 6.39
(ddd, J = 0.8, 2.4, 8.0 Hz, 1H), 5.88 (br s, 1H), 3.82�3.79 (m, 2H), 3.73
(s, 3H), 2.61 (d, J = 12.8 Hz, 1H), 2.50�2.45 (m, 1H), 2.42 (d, 12.4 Hz,
1H), 2.34 (dd, 2.4, 14.0Hz, 1H), 1.98�1.90 (m, 1H), 1.84 (d, J= 14.0Hz,
1H), 1.24 (s, 3H), 0.71 (s, 3H). ESI-MS m/z 354 (M + H)+. HRMS:
calcd, 354.206 37 (M + H)+; found, 354.207 38.
N-(3-Chlorophenyl)-2-(2,2-dimethyl-4-phenyltetrahydro-

pyran-4-yl)acetamide (7c). 7c was prepared according to general
procedure D using nitrile 5 and 3-chloroaniline. 1H NMR (CDCl3, 400
MHz)δ 7.40�7.42 (m, 4H), 7.30�7.35 (m, 1H), 7.13 (t, J= 2.0Hz, 1H),
7.09 (t, J = 8.1Hz, 1H), 6.98 (ddd, J = 1.1, 2.0, 8.1Hz, 1H), 6.75 (ddd, 1.1,
2.0, 8.1 Hz, 1H), 5.89 (s, 1H), 3.81 (dd, J = 2.8, 8.1 Hz, 2H), 2.61 (d, J =
12.9Hz, 1H), 2.49 (q, J = 2.4Hz, 1H), 2.43 (d, J = 12.9Hz, 1H), 2.35 (dd,
2.4, 14.2Hz, 1H), 1.93 (dt, J= 8.0, 16.1Hz, 1H), 1.84 (d, J= 14.2Hz, 1H),
1.24 (s, 3H), 0.71 (s, 3H). ESI-MS m/z 358 (M + H)+. HRMS: calcd,
358.156 83 (M + H)+; found, 358.156 98.
General Procedure E for the Synthesis of THP Urea

Analogues: 1-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-
3-(3-methoxphenyl)urea (12a). According to the procedure of

Thurkauf et al.,23 phenylmagnesium bromide (2.5 mL, 3.0 M solution
in THF, 7.5mmol) was added to a solution of ketone 8 (640mg, 5.0mmol)
in diethyl ether (20.0 mL) at 0 �C. The solution was allowed to warm to
room temperature and stirred for 12 h. The reaction mixture was quenched
by the addition of 1.0 N HCl and extracted with ethyl acetate (3�). The
combined organic extracts were washedwith brine, dried (Na2SO4), filtered,
and concentrated. A portion of the resulting alcohol 9 (286 mg, 1.39 mmol)
was dissolved inTHF (3.0mL).NaN3 (270mg, 4.17mmol) was added, and
the resulting mixture was cooled to 0 �C. To this mixture was added
trifluoroacetic acid (788mg, 6.90 mmol) dropwise over 5 min. The reaction
mixture was then allowed to warm to room temperature and stirred
overnight. The reaction mixture was partitioned between water and ether.
The layers were separated, and the organic layer was washed with water
(1�) and brine (1�). The organic layer was dried (Na2SO4), filtered, and
concentrated to give tertiary azide 10. The azide thus obtained (337mg, 1.46
mmol) was dissolved in diethyl ether (20.0 mL), and the resulting solution
was cooled to 0 �C. Lithium aluminum hydride (2.19 mL, 2.0 M solution,
4.38 mmol) was then added, and the reaction mixture was stirred for 3 h at
0 �C.The reactionmixturewas quenched by the sequential addition of water
(0.20 mL), 15% NaOH (0.20 mL), and water (0.60 mL); filtered through
Celite; and concentrated to give the tertiary amine 11. A portion of the
resulting amine (24.0 mg, 0.117 mmol) was dissolved in THF (0.5 mL).
3-Methoxyphenyl isocyanate (17.4 mg, 0.129 mmol) was added, and the
reactionmixture was stirred at room temperature overnight. The solvent was
removed, and the crude material was purified by silica gel MPLC. 1H NMR
(CD, 400 MHz) δ 7.45 (dd, J = 1.2, 8.5 Hz, 2H), 7.50�7.30 (m, 2H),
7.21�7.17 (m, 1H), 7.09 (t, J = 8.1 Hz, 1H), 7.02 (t, J = 2.3 Hz, 1H), 6.73
(ddd, 0.8, 2.0, 7.8 Hz, 1H), 6.50 (ddd, J = 0.8, 2.0, 8.2 Hz, 1H), 6.46 (s, 1H),
4.06 (dt, J = 2.2, 11.9 Hz, 1H), 3.75 (ddd, J = 2.8, 4.8, 12.5 Hz, 1H), 3.72 (s,
3H), 2.55 (dt, J = 2.2, 14.0 Hz, 1H), 2.16 (dt, J = 2.2, 14.0 Hz, 1H), 2.04
(ddd, J=4.6, 11.7, 14.3Hz, 1H), 1.96 (d, J=14.3Hz, 1H), 1.44 (s, 3H), 1.20
(s, 3H). ESI-MSm/z 355 (M +H)+. HRMS: calcd, 355.201 62 (M +H)+;
found, 355.200 77.
1-(3-Chlorophenyl)-3-(2,2-dimethyl-4-phenyltetrahydro-

pyran-4-yl)urea (12b). 12b was prepared according to general
procedure E using 3-chlorophenyl isocyanate. 1H NMR (CD3OD, 400
MHz) δ 7.46�7.43 (m, 3H), 7.32 (t, J=8.2Hz, 2H), 7.20 (tt, J=1.2, 7.4Hz,
1H), 7.15 (d, J = 7.9Hz, 1H), 7.10 (ddd, J = 1.1, 1.9, 8.2Hz, 1H), 6.91 (ddd,
1.12, 1.92, 7.94 Hz, 1H), 6.49 (s, 1H), 4.10�4.01 (m, 1H), 3.77�3.72 (m,
1H), 2.55 (d, 13.9 Hz, 1H), 2.19�2.13 (m, 1H), 2.08�2.01 (m,1H), 1.96
(d, J= 14.2Hz, 1H), 1.43 (s, 3H), 1.20 (s, 3H). ESI-MSm/z 359 (M+H)+.
HRMS: calcd, 359.152 08 (M + H)+; found, 359.151 68.
1-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-3-phenyl-

thiourea (13a). 13a was prepared according to general procedure E
using phenyl isothiocyanate. 1HNMR (CD3OD, 400MHz) δ 7.50�7.43
(m, 2H), 7.41�7.33 (m, 2H), 7.31�7.20 (m, 4H), 7.18�7.13 (m, 1H),
4.06�3.96 (m, 1H), 3.76 (dq, J = 2.8, 12.4 Hz, 1H), 2.39�2.26 (m, 1H),
2.08�2.00 (m, 2H), 1.38 (s, 3H), 1.21 (s, 3H). ESI-MSm/z 359 (M +H)+.
HRMS: calcd, 341.167 16 (M + H)+; found, 341.167 16.
1-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-3-(3-

methoxyphenyl)thiourea (13b). 13b was prepared according
to general procedure E using 3-methoxyphenyl isothiocyanate. 1H NMR
(CD3OD, 400 MHz) δ 7.45 (d, J = 6.8 Hz, 2H), 7.41�7.33 (m, 2H),
7.29�7.16 (m, 2H), 6.72 (dd, J = 2.4, 8.0 Hz, 1H), 4.00 (t, J = 12.0 Hz,
1H), 3.78�3.72 (m, 4H), 2.41�2.29 (m, 1H), 2.08�2.01 (m, 2H), 1.37
(s, 3H), 1.20 (s, 3H). ESI-MS m/z 371 (M + H)+. HRMS: 371.178 78
(M + H)+; found, 371.178 23.
1-(3-Chlorophenyl)-3-(2,2-dimethyl-4-phenyltetrahydro-

pyran-4-yl)thiourea (13c). 13c was prepared according to general
procedure E using 3-chlorophenyl isothiocyanate. 1H NMR (CD3OD, 400
MHz) δ 7.52�7.42 (m, 2H), 7.39�7.32 (m, 2H), 7.23 (t, J = 8.0 Hz, 2H),
7.11�7.08 (m, 1H), 4.09�4.03 (m, 1H), 3.79�3.74 (m, 1H), 2.27 (d, J =
13.2 Hz, 1H), 2.08�2.03 (m, 2H), 1.43 (s, 3H), 1.22 (s, 3H). ESI-MSm/z
375 (M + H)+. HRMS: calcd, 375.129 24 (M + H)+; found, 375.128 74.
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1-(2,2-Dimethyl-4-phenyltetrahydropyran-4-yl)-3-(3-fluoro-
phenyl)thiourea (13d). 13d was prepared according to general proce-
dure E using 3-fluorophenyl isothiocyanate. 1HNMR (CD3OD, 400MHz)
δ 7.49�7.42 (m, 2H), 7.40�7.31 (m, 2H), 7.28�7.20 (m, 2H), 6.98 (br s,
1H), 6.83 (t, J = 8.6 Hz, 1H), 4.05 (t, J = 11.7 Hz, 1H), 3.76 (d, J = 11.7 Hz,
1H), 2.31�2.23 (m, 1H), 2.10�1.99 (m, 3H), 1.42 (s, 3H), 1.22 (s, 3H).
ESI-MS m/z 359 (M + H)+. HRMS: calcd, 359.158 79 (M + H)+; found,
359.159 26.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-N-methylaniline (14a). Aniline 16 (26.7 mg, 0.086 mmol)
was combined with methyl iodide (24.5 mg, 0.172 mmol) and excess
potassium carbonate inDMF (1.0mL), and the resultingmixturewas stirred
at room temperature overnight. The reactionmixture was purified byMPLC
(silica, hexane/ethyl acetate) to afford the title compound (19.5 mg, 70%).
1H NMR (CDCl3, 400 MHz) δ 7.33�7.41 (m, 4H), 7.23�7.29 (m, 1H),
7.08�7.13 (m, 2H), 6.61 (tt, J = 7.3, 1.1 Hz, 1H), 6.31�6.35 (m, 2H),
3.76�3.90 (m, 2H), 3.08�3.18 (m, 1H), 2.73 (s,3H), 2.69�2.79 (m, 1H),
2.38�2.44 (m, 1H), 2.17 (dd, J = 13.8, 2.5 Hz, 1H), 1.61�1.85 (m, 4H),
1.20 (s, 3H), 0.76 (s, 3H). ESI-MS m/z 324 (M + H)+. HRMS: calcd,
324.232 19 (M + H)+; found, 324.231 35.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-N,3-dimethylaniline (14b). 14b was prepared according
to the procedure for 14a using 18. The crude material was purified by silica
gel MPLC (9.0 mg, 34%). 1H NMR (CDCl3, 400 MHz) δ 7.33�7.40 (m,
4H), 7.22�7.28 (m, 1H), 7.00 (t, J = 7.75 Hz, 1H), 6.50 (d, J = 7.75 Hz,
1H), 6.16 (dd, J=8.2, 2.6Hz, 1H), 6.08�6.10 (m, 1H), 3.76�3.91 (m, 2H),
3.05�3.16 (m, 1H), 2.74�2.80 (m, 1H), 2.72 (s, 3H), 2.37�2.44 (m, 1H),
2.13�2.20 (m, 1H), 2.20 (s, 3H), 1.54�1.85 (m, 4H), 1.20 (s, 3H), 0.67 (s,
3H). ESI-MS m/z 338 (M + H)+. HRMS: calcd, 338.247 84 (M + H)+;
found, 338.247 35.
N-[2-(2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]-N-phenylacetamide (15). To a solution of aniline 16
(13.3 mg, 0.043mmol) and diisopropylethylamine (11.1 mg, 0.086 mmol)
in CH2Cl2 (0.5 mL) was added acetyl chloride (4.02 mg, 0.052 mmol)
dropwise. After being stirred at room temperature for 1 h, the reaction
mixture was diluted with CH2Cl2, washed with 1.0 NNaOH and water, and
then dried (Na2SO4), filtered, and concentrated. The residuewas purified by
MPLC (silica, hexane/ethyl acetate) to give the title compound (7.7 mg,
51%). 1HNMR (CDCl3, 400MHz) δ 7.14�7.36 (m, 8H), 6.94�6.96 (m,
2H), 3.71�3.83 (m, 2H), 3.62 (dt, J = 12.4, 4.7 Hz, 1H), 2.96�3.04 (m,
1H), 2.31�2.37 (m, 1H), 2.10 (dd, J = 13.8, 2.2 Hz, 1H), 1.84 (dt, J =
12.4,4.8 Hz, 1H), 1.74 (s, 3H), 1.59- 1.69 (m, 3H), 1.16 (s, 3H), 0.63 (s,
3H). ESI-MS m/z 352 (M + H)+. HRMS: calcd, 352.227 11 (M + H)+;
found, 352.226 33.
3-Methyl-N-[2-(4-phenyltetrahydro-2H-pyran-4-yl)ethyl]-

aniline (69). 69 was prepared according to general procedure A using
the appropriate amine VI and 3-methylphenylboronic acid (22.0 mg,
34%). 1H NMR (400 MHz, CDCl3) δ 7.41�7.26 (m, 5H), 6.97 (t, J =
7.2 Hz, 1H), 6.46 (d, J = 7.2 Hz, 1H), 6.16 (s, 1H), 6.14 (s, 1H),
3.82�3.79 (m, 2H), 3.59 (t, J= 9.6Hz, 2H), 2.82 (t, J= 6.8Hz, 2H), 2.21
(br s, 5H), 1.91�1.87 (m, 4H). ESI-MS 296 (M + H)+. HRMS: calcd,
296.200 89 (M + H)+; found, 296.200 36.
3-Methoxy-N-[2-(4-phenyltetrahydro-2H-pyran-4-yl)ethyl]-

aniline (70). 70was prepared according to general procedure B using the
appropriate amine VI and 3-bromoanisole (30 mg, 40%). 1H NMR (400
MHz, CDCl3) δ 7.40�7.22 (m, 5H), 6.99 (t, J = 8.0Hz, 1H), 6.20 (dd, J =
8.4, 2.4 Hz, 1H), 5.96 (ddd, J = 8.4, 2.4, 0.8 Hz, 1H), 5.90 (t, J = 2.4 Hz,
1H), 3.82�3.73 (m, 2H), 3.71 (s, 3H), 3.61�3.55 (m, 2H), 3.27 (br s,
1H), 2.83�2.79 (m, 2H), 2.23�2.18 (m, 2H), 1.94�1.85 (m, 4H). ESI-
MS m/z 312 (M + H)+. HRMS: calcd, 312.195 81 (M + H)+; found,
312.195 91.
3-Chloro-N-[2-(4-phenyltetrahydro-2H-pyran-4-yl)ethyl]-

aniline (71). 71was prepared according to general procedure A using the
appropriate amine VI and 3-chlorophenylboronic acid (34.0 mg, 15%).

1H NMR (400 MHz, CDCl3) δ 7.41�7.37 (m, 2H), 7.31�7.26 (m, 3H),
7.02 (t, J = 8.0 Hz, 1H), 6.70 (d, J = 7.6 Hz, 1H), 6.4 (br s, 1H), 6.31 (d,
J = 8.0 Hz, 1H), 3.82�3.77 (m, 2H), 3.61�3.55 (m, 2H), 2.83�2.79 (m,
2H), 2.22�2.17 (m, 2H), 1.95�1.84 (m, 4H). ESI-MSm/z 316 (M +H)+.
HRMS: calcd, 316.146 27 (M + H)+; found, 316.146 13.
3-Fluoro-N-[2-(4-phenyltetrahydro-2H-pyran-4-yl)ethyl]-

aniline (72). 72 was prepared according to general procedure A using
the appropriate amine VI and 3-fluoro-1-bromobenzene (40 mg, 56%). 1H
NMR (400 MHz, CDCl3) δ 7.41�7.25 (m, 5H), 6.98 (dt, J = 6.8, 8.0 Hz,
1H), 6.30 (td, J = 8.4, 2.8 Hz, 1H), 6.07 (ddd, J = 8.0, 2.4, 0.8 Hz, 1H), 5.97
(dt, 11.6, 2.4Hz, 1H), 3.79 (m, 2H), 3.59 (m, 2H), 3.36 (br s, 1H), 2.80 (m,
2H), 2.24�2.18 (m, 2H), 1.93�1.85 (m, 4H). ESI-MSm/z 300 (M+H)+.
HRMS: calcd, 300.175 82 (M + H)+; found, 300.176 16.
3-Chloro-4-methyl-N-[2-(4-phenyltetrahydro-2H-pyran-4-yl)-

ethyl]aniline (73). 73 was prepared according to general procedure A
using the appropriate amineVI and 4-bromo-2-chlorotoluene (32mg, 41%).
1H NMR (400 MHz, CDCl3) δ 7.42�7.37 (m, 2H), 7.33�7.25 (m, 3H),
6.89 (d, J = 8.0 Hz, 1H), 6.31 (d, J = 2.4 Hz, 1H), 6.13 (dd, J = 8.4, 2.4 Hz,
1H), 3.82�3.77 (m, 2H), 3.61�3.55 (m, 2H), 3.16 (br s, 1H), 2.79 (t, J=7.2
Hz, 2H), 2.25�2.18 (m, 5H), 1.93�1.85 (m, 4H). ESI-MS m/z 330 (M +
H)+. HRMS: calcd, 330.16192 (M + H)+; found, 330.160 94.
N-[2-(2,2,6,6-Tetramethyl-4-phenyltetrahydropyran-4-yl)-

ethyl]aniline (74). 74 was prepared according to general procedure B
using 2-(2,2,6,6-tetramethyl-4-phenyltetrahydropyran-4-yl)ethylamine VI
and the appropriate aromatic bromide. 1H NMR (CDCl3, 400 MHz) δ
7.43 (d, J=7.4Hz, 2H), 7.34 (t, J=7.4Hz, 2H), 7.23 (tt, J=1.1, 7.4Hz, 1H),
7.08 (dd, 7.4, 8.6Hz, 2H), 6.63 (tt, J= 1.1, 7.4Hz, 1H), 6.31 (dd, 1.1, 8.6Hz,
2H), 3.17 (s, 1H), 2.82�2.78 (d, 2H), 2.45 (d, 14.1Hz, 2H), 1.90�1.86 (m,
2H), 1.79 (d, J = 14.1 Hz, 2H), 1.30 (s, 3H), 1.07 (s, 3H). ESI-MSm/z 338
(M + H)+. HRMS: calcd, 338.247 84 (M + H)+; found, 338.248 06.
3-Methoxy-N-[2-(2,2,6,6-tetramethyl-4-phenyltetrahydro-

pyran-4-yl)ethyl]aniline (75). 75 was prepared according to general
procedure B using 2-(2,2,6,6-tetramethyl-4-phenyltetrahydropyran-4-yl)-
ethylamine VI and the appropriate aromatic bromide. 1H NMR (CDCl3,
400MHz) δ 7.42 (dd, J = 1.2, 8.6 Hz, 2H), 7.33 (t, J = 8.2 Hz, 2H), 7.22 (tt,
J = 1.2, 7.2 Hz, 1H), 6.98 (t, J = 8.2, 1H), 6.20 (ddd, J = 0.8, 2.3, 8.3 Hz, 1H),
5.93 (ddd, 0.8, 2.3, 8.3Hz, 1H), 5.88 (t, J=2.3Hz, 1H), 3.71 (s, 3H), 3.20 (br
s, 1H), 2.80�2.75 (m, 2H), 2.44 (d, J = 14.1 Hz, 2H), 1.89�1.85 (m, 2H),
1.78 (d, J = 14.1 Hz, 2H), 1.30 (s, 6H), 1.06 (s, 6H). ESI-MSm/z 368 (M+
H)+. HRMS: calcd, 368.258 41 (M + H)+; found, 368.259 83.
3-Chloro-N-(3-chlorophenyl)-N-[2-(2,2,6,6-tetramethyl-4-

phenyltetrahydropyran-4-yl)ethyl]aniline (76). 76 was pre-
pared according to general procedure B using 2-(2,2,6,6-tetramethyl-
4-phenyltetrahydropyran-4-yl)ethylamine VI and the appropriate aro-
matic bromide. 1H NMR (CDCl3, 400 MHz) δ 7.45�7.37 (m, 4H),
7.31�7.27 (m, 1H), 7.06 (t, J = 8.4 Hz, 2H), 6.87 (ddd, J = 0.8, 2.0, 8.4
Hz, 2H), 6.64 (t, J = 2.0 Hz, 2H), 6.52 (ddd, J = 0.8, 2.0, 8.0 Hz, 2H),
7.32�7.28 (m, 2H), 2.40 (d, J = 14.4 Hz, 2H), 1.90�1.85 (m, 2H), 1.71
(d, 14.4 Hz, 2H), 1.26 (s, 6H), 1.05 (s, 6H). ESI-MSm/z 482 (M +H)+.
N-[2-(2,2,6,6-Tetramethyl-4-phenyltetrahydrothiopyran-

4-yl)ethyl]aniline (77). 77 was prepared according to general
procedure B using 2-(2,2,6,6-tetramethyl-4-phenyltetrahydrothiopyr-
an-4-yl)ethylamine VI and the appropriate aromatic bromide. 1H
NMR (CDCl3, 400 MHz) δ 7.46 (dd, J = 1.4, 8.8 Hz, 2H), 7.32 (dd,
J = 6.9, 7.1Hz, 2H), 7.23 (tt, J= 1.2, 7.4Hz, 1H), 7.07 (dd, J= 7.4, 8.6Hz,
2H), 6.63 (tt, J = 0.8, 7.0 Hz, 1H), 6.28 (dt, J = 1.1, 7.8 Hz, 2H), 3.15 (br
s, 1H), 2.84�2.79 (m, 2H), 2.72 (d, J = 14.7 Hz, 2H), 1.83�1.78 (m,
4H), 1.37 (s, 6H), 1.22 (s, 6H). ESI-MS m/z 354 (M + H)+. HRMS:
calcd, 354.225 00 (M + H)+; found, 354.226 33.
3-Methoxy-N-[2-(2,2,6,6-tetramethyl-4-phenyltetrahydro-

thiopyran-4-yl)ethyl]aniline (78).78waspreparedaccording to general
procedure B using 2-(2,2,6,6-tetramethyl-4-phenyltetrahydrothiopyran-4-yl)-
ethylamine VI and the appropriate aromatic bromide. 1H NMR (CDCl3,
400 MHz) δ 7.45 (dd, J = 1.3, 8.6 Hz, 2H), 7.31 (t, J = 8.0 Hz, 2H), 7.22
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(tt, J=1.2, 7.3Hz, 1H), 6.97 (t, J=7.7Hz, 1H), 6.20 (ddd, J=0.8, 2.4, 8.3Hz,
1H), 5.92 (ddd, J=0.8, 2.0, 8.0Hz, 1H), 5.87 (t, J=2.3Hz, 1H), 3.71 (s, 3H),
3.16 (br s, 1H), 2.82�2.78 (m, 2H), 2.71 (d, J = 14.5 Hz, 2H), 1.83�1.78
(m, 4H), 1.36 (s, 6H), 1.22 (s, 6H). ESI-MS m/z 384 (M + H)+. HRMS:
calcd, 384.235 56 (M + H)+; found, 384.234 82.
3-Chloro-N-[2-(2,2,6,6-tetramethyl-4-phenyltetrahydro-

thiopyran-4-yl)ethyl]aniline (79). 79 was prepared according to
general procedure B using 2-(2,2,6,6-tetramethyl-4-phenyltetrahydrothio-
pyran-4-yl)ethylamine VI and the appropriate aromatic bromide. 1H NMR
(CDCl3, 400MHz) δ 7.48�7.45 (m, 2H), 7.36�7.31 (m, 2H), 7.27�7.22
(m, 1H), 6.95 (tt, J = 1.5, 6.5 Hz, 1H), 6.59�6.56 (m, 1H), 6.23�6.20 (m,
1H), 6.14�6.10 (m, 1H), 3.22 (br s, 1H), 2.83�2.76 (m, 2H), 2.71 (d, J =
14.7 Hz, 2H), 1.82�1.77 (m, 4H), 1.37 (s, 6H), 1.23 (s, 6H). ESI-MSm/z
388 (M + H)+. HRMS: calcd, 388.186 02 (M + H)+; found, 388.184 96.
3-Methoxy-N-[2-(2,2,6,6-tetramethyl-4-phenyl-4-piperidyl)-

ethyl]aniline (80). 80 was prepared according to general procedure B
using 2-(2,2,6,6-tetramethyl-4-phenylpiperidin-4-yl)ethylamine VI and the
appropriate aromatic bromide. 1H NMR (CD3OD, 400 MHz) δ 7.58 (d,
J=8.0Hz, 2H), 7.40 (t, J=7.6Hz, 2H), 7.31 (t, J=7.6Hz, 1H), 7.09 (td, J=
7.6, 2.4Hz, 1H), 6.50 (m, 1H), 6.27 (m, 2H), 3.72 (s, 3H), 2.99 (d, J = 15.2
Hz, 2H), 2.86�2.82 (m, 2H), 1.81�1.77 (m, 2H), 1.72 (d, J = 15.2 Hz,
2H), 1.48 (s, 6H), 1.18 (s, 6H). ESI-MSm/z 367 (M+H)+. HRMS: calcd,
367.274 39 (M + H)+; found, 367.273 92.
3-Chloro-N-[2-(2,2,6,6-tetramethyl-4-phenyl-4-piperidyl)-

ethyl]aniline (81). 81 was prepared according to general procedure B
using 2-(2,2,6,6-tetramethyl-4-phenylpiperidin-4-yl)ethylamine VI and
the appropriate aromatic bromide. 1HNMR (CD3OD, 400MHz)δ 7.61
(dd, J = 1.6, 8.8 Hz, 2H), 7.42 (t, J = 7.2 Hz, 2H), 7.32 (t, J = 7.6Hz, 1H),
6.92 (t, J= 7.6Hz, 1H), 6.47 (ddd, J = 8.0, 2.0, 0.8Hz, 1H), 6.21 (t, J = 2.0
Hz, 1H), 6.17 (ddd, J = 8.4, 2.4, 0.8 Hz, 1H), 3.02 (d, J = 15.2, 2H),
2.75�2.71 (m, 2H), 1.74�1.69 (m, 4H), 1.48 (s, 6H), 1.20 (s, 6H). ESI-
MS m/z 371 (M + H)+. HRMS: calcd, 371.224 85 (M + H)+; found,
371.224 57.
3-Fluoro-N-[2-(2,2,6,6-tetramethyl-4-phenyl-4-piperidyl)-

ethyl]aniline (82). 82 was prepared according to general procedure B
using 2-(2,2,6,6-tetramethyl-4-phenylpiperidin-4-yl)ethylamine VI and
the appropriate aromatic bromide. 1H NMR (CD3OD, 400 MHz) δ 7.60
(dd, J = 1.6, 8.4 Hz, 2H), 7.42 (t, J = 7.2 Hz, 2H), 7.32 (t, J = 7.6 Hz, 1H),
6.96�6.91 (m, 1H), 6.23�6.18 (m, 1H), 6.07 (ddd, J=0.8, 2.0, 8.0Hz, 1H),
5.93 (dt, J = 12.4, 2.4 Hz, 1H), 3.01 (d, J = 15.6, 2H), 2.75�2.71 (m, 2H),
1.75�1.70 (m, 4H), 1.48 (s, 6H), 1.20 (s, 6H). ESI-MSm/z 355 (M+H)+.
HRMS: calcd, 355.254 95 (M + H)+; found, 355.254 50.
3-Chloro-4-methyl-N-[2-(2,2,6,6-tetramethyl-4-phenyl-4-

piperidyl)ethyl]aniline (83). 83 was prepared according to general
procedure B using 2-(2,2,6,6-tetramethyl-4-phenylpiperidin-4-yl)ethylamine
VI and the appropriate aromatic bromide. 1HNMR (CD3OD, 400MHz) δ
7.60 (dd, J = 1.2, 8.4 Hz, 2H), 7.42 (t, J = 7.2 Hz, 2H), 7.34�7.30 (m, 1H),
6.91 (d, J = 8.4 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 6.23 (dd, J = 2.8, 8.0 Hz,
1H), 3.01 (d, J=15.6Hz, 2H), 2.75�2.71 (m, 2H), 2.17 (s, 3H), 1.75�1.69
(m, 4H), 1.48 (s, 6H), 1.19 (s, 6H). ESI-MS m/z 385 (M + H)+. HRMS:
calcd, 385.240 50 (M + H)+; found, 385.240 01.
Chiral Separation of 27. N-{2-[(4S*)-2,2-Dimethyl-4-phenyl-

tetrahydro-2H-pyran-4-yl]ethyl}-3-methoxyaniline and N-{2-
[(4R*)-2,2-Dimethyl-4-phenyltetrahydro-2H-pyran-4-yl]ethyl}-
3-methoxyaniline (27). [2-(2,2-Dimethyl-4-phenyltetrahydropyran-4-
yl)ethyl]-(3-methoxyphenyl)amine (27) was separated into enantiomers
by chiral HPLC (Chiralpak IA; isopropanol/acetonitrile/ethanol, 11:39:31;
0.4% isopropylamine). Exact assignment of enantiomers has not been
completed.

Peak 1 retention time 14.7 min (82% ee). 1H NMR (CDCl3, 400
MHz) δ 7.33�7.39 (m, 4H), 7.21�7.26 (m, 1H), 6.98 (t, J = 8.1 Hz,
1H), 6.20 (ddd, J = 8.1, 2.2, 0.7 Hz, 1H), 5.95 (ddd, J = 8.1, 2.2, 0.7 Hz,
1H), 5.89 (t, J = 2.2 Hz, 1H), 3.76�3.88 (m, 2H), 3.71 (s, 3H), 3.23 (br
s, 1H), 2.91�2.98 (m, 1H), 2.56�2.63 (m, 1H), 2.40�247 (m, 1H),

2.22 (dd, J = 13.9, 2.4 Hz, 1H), 1.88�1.95 (m, 1H), 1.66�1.74 (m, 3H),
1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 340 (M + H)+.

Peak 2 retention time 15.4 min (82% ee). 1H NMR (CDCl3, 400
MHz) δ 7.33�7.39 (m, 4H), 7.21�7.26 (m, 1H), 6.98 (t, J = 8.1 Hz,
1H), 6.20 (ddd, J = 8.1, 2.2, 0.7 Hz, 1H), 5.95 (ddd, J = 8.1, 2.2, 0.7 Hz,
1H), 5.89 (t, J = 2.2 Hz, 1H), 3.76�3.88 (m, 2H), 3.71 (s, 3H), 3.23 (br
s, 1H), 2.91�2.98 (m, 1H), 2.56�2.63 (m, 1H), 2.40�247 (m, 1H),
2.22 (dd, J = 13.9, 2.4 Hz, 1H), 1.88�1.95 (m, 1H), 1.66�1.74 (m, 3H),
1.20 (s, 3H), 0.67 (s, 3H). ESI-MS m/z 340 (M + H)+.
Biological Assays. ICMT in Vitro Analysis. The human ICMT

bearing His6-tag at the C-terminus was produced in a baculovirus-based
expression system using pVL1393 (Invitrogen) as a transfer vector. To
prepare the total membrane fraction of recombinant Sf9 cells, which was
used as the source of catalytically active ICMT, the cell lysates were
precleared by low speed centrifugation at 600g followed by ultracentrifuga-
tion at 125000g. Themembrane pellets were stored in 50mmTris-HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol supplemented with a
standard set of protease inhibitors (Roche Applied Science). An expression
plasmid for the N-terminally His-tagged S-adenosylhomocysteine hydrolase
(SAHH) from S. solfataricus, which served as a product detection enzyme for
monitoring ICMT activity, was constructed based on commercially available
vector pET28a (EMD Biosciences). The recombinant product was pro-
duced in an E. coli system and purified to apparent homogeneity by
immobilized metal affinity chromatography on Talon resin (Clontech).

A fluorometric, coupled-enzyme assay for SAM-dependent methyl-
transferases described by Collazo et al.24 was adapted for high-throughput
screening, hit confirmation, and kinetic analyses.Our standard assay protocol
involved incubation of 50 μL aliquots of 100 mM HEPES, pH 7.5, 5 mM
MgCl2, 0.001% Triton X-100, 1% DMSO, 10 μM SAM, 10 μM AGGC,
50 μg/mL SAHH, 20 μM ThioGlo1 supplemented by test compounds in
96-well microtiter plates for 1 h at room temperature. Under these condi-
tions, S-adenosylhomocysteine, a product of the ICMT-catalyzed reaction,
was quantitatively hydrolyzed to adenosine and homocysteine by SAHH
followed by nonenzymatic formation of the fluorescent adduct between
homocysteine and ThioGlo 1 reagent. The fluorescence intensities were
measured using Gemini XL plate reader with the following settings: λex =
400 nm, λem = 515 nm. A counterassay intended for the elimination of false
positives, such as fluorescence quenchers and SAHH inhibitors, was con-
structed by substitution of SAH for both substrates and ICMT-containing
membrane fraction in the above assay mixture. A previously reported direct
radiometric assay25 was employed for confirmation of selected ICMT
inhibitors. In this case, the composition of assay buffer was essentially the
same as described above for the fluorometric method with the exceptions
that 10 μM [3H]SAM (∼80 mCi/mmol) was used as a substrate and both
SAHH and ThioGlo 1 were omitted from the assay solution.
Western Analysis of Ras Proteins in Cells Treated with

ICMT Inhibitors.HCT-116 cells were plated at 500 000 cells in 10 cm
plates and 2 days later treated with 4 (EMD Biosciences), ICMT
inhibitors, or DMSO. On day 3, cells were washed twice with Hank’s
buffered solution and the cells processed for subcellular fractionation
with the ProteoExtract subcellular proteome extraction kit (EMD
Biosciences). The cytosolic and membrane fractions (plasma and
organelle) were independently concentrated in Microcon 10 concen-
trators. An amount of 25 μg of each fraction was analyzed on a 12.5%
SDS�PAGE gel and immunoblotted with anti-p21 ras (catalog no.
Op40, EMD), anti-VDAC (catalog no. 529532, EMD), and anti-β-actin
(catalog no. A5441, Sigma) antibodies.
Cell Viability Assays. Cells were cultured in DMEM or RPMI

medium (Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 1 mM HEPES, 1 mM pyruvate, 1 mM glutamate, and
nonessential amino acids. Cells weremaintained at 37 �C in a humidified
5% CO2 atmosphere. For viability assays, cells were seeded at 500 cells/
well in 96-well plates (PerkinElmer) and treated with various concen-
trations of compound in DMSO. After 7 days of compound exposure,
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luminescent ATP-lite (PerkinElmer) was used to moniter cell viability.
Dose�response curves were generated with Prism software by plotting
percentage of relative light units reduction in compound-treated cells
relative to DMSO-treated cells.
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