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6 ABSTRACT: Chronic pain and depression are both widely
7 prevalent comorbid medical conditions. While efficient, μ-opioid
8 receptor-based medications are associated with life-threatening side
9 effects, including respiratory depression, dependence, and

10 addiction. The δ-opioid receptor is a promising alternative
11 biological target for chronic pain and depression due to its
12 significantly reduced on-target side effects compared to the μ-
13 opioid receptor. A previous study identified two δ-opioid receptor
14 positive allosteric modulators. Herein, we report the design of five
15 series of compounds targeting previously unexplored regions of the originally described SAR. Analogs were assessed for their ability
16 to potentiate the agonist response of Leu-enkephalin. Of the 30 analogs, compound 6g displayed trends toward enhancing the
17 ERK1/2 phosphorylation signaling compared to the cAMP inhibition, while compound 11c exhibited a trend in shifting the
18 signaling bias toward cAMP inhibition. Both 6g and 11c emerged as promising tool compounds toward the design of prospective
19 therapeutics requiring specific downstream signaling attributes.

20 ■ INTRODUCTION
21 Chronic pain and depression are both recognized medical
22 conditions that account for an increasing number of clinical
23 consultations each year, with an increase of over 60% within
24 the past two decades for chronic pain alone. Both these
25 conditions are comorbid, whereby 35% of the population who
26 suffer from chronic pain also report depressive symptoms.1

27 Opioids have been regarded as one of the most effective drugs
28 for the treatment of pain and have also shown to be effective in
29 alleviating depressive symptoms.2 The majority of prescribed
30 opioids such as morphine, hydrocodone, and oxymorphone are
31 agonists for the μ-opioid receptor (MOR), which belong to a
32 larger pool of G protein-coupled opioid receptors and are
33 considered as the gold standard for the treatment of acute
34 pain.3 However, the long-term administration of such opioids
35 have serious adverse effects, including respiratory depression;
36 tolerance; and, more significantly, dependence and abuse
37 liability, which questions the integrity of MOR agonists for
38 treating chronic pain and depression, two long-term disorders.4

39 To circumvent the more significant side effects attributed to
40 MOR activation, there has been a growing body of research
41 investigating the ability of δ-opioid receptor (DOR) activation
42 to promote similar beneficial effects with reduced on-target
43 side effects. Preclinical models involving rodent and nonhuman
44 primates have demonstrated the effectiveness of DOR agonists
45 in addressing chronic pain and depression,5,6 propelling the
46 DOR as a therapeutically viable alternative, with significantly

47less respiratory depression, dependence, and abuse liabilities
48compared to MOR agonists.7 However, the development of
49DOR agonists has been hindered by their own set of on-target
50side effects observed in preclinical studies, which primarily
51consisted of the development of tolerance and the propensity
52to cause convulsions.2,8 Current DOR agonists such as SNC-
5380 and TAN-67 are small molecules that bind and activate the
54receptor via the orthosteric site, which is the site enkephalins,
55the endogenous ligands, bind. When considering DOR
56agonists, a primary drawback to their effectiveness resides in
57the DORs’ constant exposure to the agonist resulting in
58receptor desensitization and consequentially the development
59of tolerance, paving the way for alternative therapeutically
60favorable strategies to be pursued. Allosteric modulators on the
61other hand bind to a topographically distinct site of the
62receptor relative to the orthosteric site, known as the allosteric
63site.9 Allosteric modulators can be categorized into positive
64allosteric modulators (PAMs), negative allosteric modulators
65(NAMs), and neutral allosteric ligands (NALs), either
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66 increasing or decreasing the affinity and/or efficacy of the
67 orthosteric ligand or having no influence on orthosteric agonist
68 activity but preventing the binding of other ligands to the
69 allosteric site, respectively. Allosteric ligands can also possess
70 direct intrinsic activity themselves, thereby being termed
71 allosteric agonists. Additionally, allosteric ligands are capable of
72 both modulation and intrinsic agonism concurrently, being
73 referred to as PAM-agonists or NAM-agonists.10,11 The
74 rationale behind utilizing PAMs is to minimize the constant
75 activation of DOR, a major drawback of traditional orthosteric
76 agonists. A DOR PAM with limited efficacy in its own right
77 would typically only act in the presence of an endogenous
78 ligand and hence maintain the temporal and spatial fidelity of
79 opioid signaling in vivo, potentially reducing receptor
80 desensitization and resulting in the attenuation of the
81 development of tolerance. Additionally, allosteric modulators
82 of G protein-coupled receptors (GPCRs) may present another
83 key feature termed biased modulation.12,13 Indeed, allosteric
84 modulators, when co-bound to a GPCR with its cognate
85 endogenous ligand, may impart bias by stabilizing specific
86 subsets of receptor conformations that are distinct from the
87 ones stabilized by the endogenous ligand alone, leading to
88 different cellular outcomes.
89 A previous high-throughput screen of a Bristol-Myers-
90 Squibb (BMS) library led to the discovery of the
91 xanthenedione-based DOR PAM chemotype.10 This ultimately
92 led to the identification and evaluation of two highly potent
93 and selective lead compounds that established the foundation
94 of this study: 3,3,6,6-tetramethyl-9-(4-((2-methylbenzyl)oxy)-
95 phenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione
96 (BMS-986187, 1) and 9-(4-((2-bromobenzyl)oxy)phenyl)-
97 3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-

f1 98 1,8(2H)-dione (BMS-986188, 2) (Figure 1). In competition

99 binding assays with DOR agonists, 10 μM of 1 enhanced the
100 ability for orthosteric agonists Leu-enkephalin, SNC-80, and
101 TAN-67 to displace [3H]-DPN, suggesting that 1 is, at least
102 partly, an affinity-based PAM of DOR agonists.10 Additionally,
103 while 1 has been identified as a PAM for the DOR, it is further
104 capable of eliciting activity in the absence of an orthosteric
105 ligand in certain pathways, thereby acting as an allosteric
106 agonist in some conditions. Finally, 1 was also found to be
107 biased toward G protein activation relative to β-arrestin 2
108 recruitment, thereby functioning as a biased PAM-agonist.14

109 The current structure−activity relationship (SAR) based on
f2 110 β-arrestin recruitment assay data (Figure 2) available for the

111 BMS-based scaffold is limited and solely based on alterations

112to the benzyl moiety, with the consensus being that ortho-
113substitution with a methyl or bromo group produced the
114greatest increase in activity and selectivity.10 Interestingly,
115when comparing the ortho-fluoro analog to its unsubstituted
116counterpart, it was found to be notably less active, suggesting
117that the increase in potency observed for the ortho-methyl and
118ortho-bromo analogs resulted from steric rather than electronic
119effects. The activity gains due to steric effects on ortho-
120substitution, however, were not observed in analogs containing
121the ortho-OCF3, ortho-OCHF2, ortho-SO2CH3, ortho-CH2OH,
122and ortho-CF3 groups, where a loss of activity was discerned.
123Substitutions along the meta- and para-positions were typically
124found to have negligible influence on both activity and
125selectivity. However, certain intricacies were observed. In the
126instance of the para-fluoro analog, a twofold increase in activity
127was observed relative to its unsubstituted benzyl counterpart. A
128similar finding was also apparent for the doubly substituted
129ortho-chloro and meta-chloro analog where a threefold gain in
130DOR activity was seen relative to the monosubstituted ortho-
131Cl analog. The inherently small sample size, on which the SAR
132is currently based, presents an opportunity for a more
133comprehensive study on the scaffold to take place,
134investigating previously uncharted territories of the BMS-
135scaffold and thus forming the basis for the work presented in
136this study.
137Herein, this study reports the synthesis and SAR of an
138extended series of allosteric modulators based on the two
139previously identified leads, 1 and 2. An array of targets for
140evaluation were devised on account of alterations made to the
141lead BMS-scaffold, which can be distinctly divided into five
142 f3separate series (Figure 3): series 1 investigated alterations to

143the tolyl head group, series 2 explored modifications to the D-
144ring between the xanthenedione base and benzyloxy head
145group, series 3 consisted of alterations made to the
146oxymethylene linker of the head group, series 4 introduced
147minor modifications to the xanthenedione base, and series 5
148further probed the ortho-position of the benzyloxy head group.
149Several potent DOR-PAMs were identified in a preliminary
150dual screen using both an ERK 1/2 phosphorylation assay and

Figure 1. Lead DOR PAMs identified by BMS. EC50 concentrations
were acquired through β-arrestin recruitment assays in the presence of
a fixed EC20 concentration of Leu-enkephalin (n = 3).10

Figure 2. SAR profile of the current scaffold derived from the 15
compounds of the BMS study.10

Figure 3. Overview of modifications to the BMS-scaffold explored
within the premise of this work.
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151 a cyclic AMP (cAMP) inhibition assay to provide an initial
152 assessment of potential biased modulation within G protein
153 pathways. Subsequently, full allosteric interaction assays were

154carried out on the most chemically and pharmacologically
155interesting PAMs to better understand the modulatory profile
156of the compounds. A family of concentration−response curves

Scheme 1. Tandem Knoevenagel Condensation and Michael Addition Obtaining Key 9-Arylxanthenedione Precursors 5a−ja

aReagents and conditions: (a) MeOH, 98% H2SO4, reflux, overnight, 21−74%; (b) (i) Sn/HCl, EtOH, reflux, 1 h; (ii) 0.5 M NaOH, pH 7−8,
63%.

Scheme 2. (A) O-Alkylation of 5c for the Synthesis of Series 1 Analogs; (B) O-Alkylation of 5f−h for the Synthesis of Series 2
Analogsa

aReagents and conditions: (a) respective alkyl halide, DMF, Cs2CO3, rt, 18−87 h, 15−79%; (b) 1-(chloromethyl)-2-methylbenzene, DMF,
Cs2CO3, rt, 18−66 h, 7a (78%), 7b (64%) and 7c (67%).
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157 in the absence or presence of increasing concentrations of
158 selected PAMs in both functional assays was constructed and
159 analyzed using the operational model of allosterism, which
160 provided quantitative insight into the SAR of the modulators
161 for the most potent PAMs, based on their affinity (pKB),
162 allosteric effect (αβ), and efficacy in our system (τB). We
163 found that subtle chemical changes can alter the balance
164 between cAMP inhibition and ERK1/2 phosphorylation and
165 therefore allow for the rational design of differentially biased
166 modulators for the DOR.

167 ■ RESULTS AND DISCUSSION
168 Chemistry. To access all proposed target compounds
169 across each of the five outlined series, key precursors
170 containing the 9-aryl-3,4,5,6,7,9-hexahydro-1H-xanthene-
171 1,8(2H)-dione scaffold 10a−j were synthesized. These
172 precursors were prepared via a tandem Knoevenagel
173 condensation and Michael addition between select commer-
174 cially available aryl aldehydes 3 and 1,3-cyclohexanediones 4 in

s1 175 a 1:2 ratio, respectively (Scheme 1).
176 Reaction conditions to synthesize precursors 5a−i were
177 adapted from Arora et al.15 whereby the reaction was
178 conducted under reflux, employing MeOH as the solvent. An
179 equivalent of the aryl aldehyde first reacted with a single
180 equivalent of cyclohexanedione through the Knoevenagel
181 condensation, forming the benzylidene reaction intermediate,
182 which reacted with a second equivalent of cyclohexanedione,
183 forming the open ring intermediate. Preliminary attempts from
184 our work found that the conditions described by Arora et al.
185 were not sufficient for progressing the open ring intermediate
186 to the target 9-arylxanthenedione 5 and therefore required
187 catalytic amounts of concentrated H2SO4 (98%) for complete
188 conversion. The reactions did not require any additional
189 workup beyond filtration of the formed precipitate, and the
190 precursors 5a−h were obtained in moderate yields of 21−74%.
191 A slightly modified route was required to obtain the 9-(4-
192 aminophenyl)xanthenedione 5j. Reacting 5,5-dimethyl-1,3-
193 cyclohexanedione with p-aminobenzaldehyde in the method
194 described in Scheme 1 resulted in the formation of an insoluble
195 powder, hampering the ability for both LCMS analysis and
196 NMR characterization to confirm product formation. As a
197 result, an alternative route to form the desired precursor 5j was
198 devised based on reducing the 9-(4-nitrophenyl)-
199 xanthenedione 5i to the corresponding aniline in 63% yield
200 by utilizing a tin/HCl in ethanol mixture followed by
201 neutralization as described by Kaya et al.16

202 Series 1 compounds targeted modifications to the head
203 group of the scaffold and were primarily designed to investigate
204 the importance of the sp2 hybridized aryl ring system to the
205 BMS leads’ pharmacological activity by incorporating alter-
206 native monocyclic and fused ring systems. Series 2 analogs
207 alternatively probed minor alterations to the D-ring of the
208 scaffold, previously unexplored in its influence on DOR
209 modulation, through substitution on the ring and replacement
210 of the phenyl ring with pyridine. All series 1 (6a−m) and series
211 2 (7a−c) compounds were synthesized in a similar manner
212 through the O-alkylation of select precursors 5c and 5f−h with
213 the appropriate alkyl halide containing the desirable head

s2 214 group (Scheme 2). The alkylation reactions were performed in
215 DMF with the use of the mild inorganic base Cs2CO3. An
216 additional equivalent of Cs2CO3 was added when the reacting
217 alkyl halide was present in its salt form. In total, 13 O-alkylated
218 compounds were synthesized for series 1 and three for series 2

219according to Scheme 2. Yields of approximately 60−80% were
220observed for most compounds, with lesser yields below being
221attributed to the incomplete conversion of the starting phenol
222precursor 5. It was also observed that alkylations involving sp3

223hybridized ring systems, such as 6e−j, often required
224additional time (>20 h) to achieve maximal conversion. To
225counter this, an additional equivalent of the alkyl halide and
226inorganic base was added after 18 h to increase the conversion
227rate of precursor 5c to product.
228Series 3 compounds were synthesized to investigate the
229importance of the oxymethylene linker of the scaffold to its
230activity. This series comprises three distinct modifications to
231 s3the linker making up four analogs (Scheme 3). The first

232involved the removal of the oxymethylene unit by coupling the
2339-bromophenyl precursors 5d and 5e to a pyrimidine directly
234to form a biaryl motiff. The remaining two analogs involved
235replacing the oxymethylene linker with an amide and a
236sulfonamide linker by coupling with the aniline 5j. The first
237two compounds of the series, 8a and 8b, were synthesized via
238the Suzuki coupling reaction of pyrimidine-5-boronic acid with
239key precursors 5d and 5e, respectively. These reactions
240proceeded in the presence of PdCl2(PPh3)2 as the catalyst in
241a degassed solution of THF and 1 M Na2CO3 (aq) (3:1 ratio).
242Flash column chromatography was conducted to remove any
243remaining organic impurities. In the instance of 8a, trace
244amounts of triphenylphosphine oxide (TPPO) were still

Scheme 3. (A) Synthesis of Pyrimidine Containing Analogs;
(B) Coupling of Aniline Precursor to Form Amide and
Sulfonamide Linked Head Groupa

aReagents and conditions: (a) pyrimidine-5-boronic acid,
PdCl2(PPh3)2, THF/1 M Na2CO3 (aq) (3:1), reflux, overnight, 8a
(27%) and 8b (22%); (b) (i) 2-methylbenzoic acid, DCM, DMF,
(COCl)2, rt, 1 h; (ii) dry THF, rt-reflux, overnight, 9a (23%); (c) 2-
methylbenzenesulfonyl chloride, dry THF, rt-reflux, overnight, 9b
(53%).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01061
J. Med. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01061?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


245 present post-chromatography. The TPPO was subsequently
246 removed by concentrating the eluates and subsequently
247 recrystallizing the resultant solids. However, both compounds
248 8a and 8b were obtained in suboptimal yields (27 and 22%,
249 respectively). The carboxamide 9a was synthesized from the
250 aniline 5j and 2-methylbenzoyl chloride, which was first
251 prepared from the corresponding carboxylic acid and oxalyl
252 chloride. The sulfonamide 9b was also prepared from 5j using
253 a commercially available 2-methylbenzenesulfonyl chloride
254 conditions were adapted from Kaya et al.16

255 Series 4 compounds aimed to examine the importance of the
256 xanthenedione core to the activity of the lead BMS
257 compounds. This series incorporated minor modifications,
258 which maintained the tricyclic xanthenedione core but altered
259 the substitution of methyl groups at positions C3 and C6.
260 Three compounds were synthesized that maintain the
261 xanthenedione core of the scaffold, with subtle variance
262 through the C3 and C6 position, namely, replacing the
263 tetramethyl core for a dimethyl core, as well as an
264 unsubstituted core. Forming these three compounds was
265 carried out in the same manner as those formed in series 1 and
266 2, with the core alterations emerging from the unique
267 precursors used (5a or 5b). These reactions proceeded
268 through the O-alkylation of desired precursor with either 1-
269 (chloromethyl)-2-methylbenzene or (bromomethyl)-
270 cyclohexane to synthesize compounds 10a (58%), 10b

s4 271 (31%), and 10c (72%) (Scheme 4). Each reaction was

272 conducted at room temperature overnight in DMF with the
273 presence of inorganic base Cs2CO3. A lower yield for 10b was
274 observed as the reaction did not proceed to completion.
275 One interesting aspect of the SAR from the lead BMS study
276 was the close to 10-fold reduction in activity observed when
277 the ortho-methylbenzyl head group of BMS-986187 (EC50 =
278 0.03 μM) was replaced with the unsubstituted benzyl head
279 group (EC50 = 0.2 μM). It was therefore of interest to further
280 probe the ortho-position of the benzyl head group in series 5.
281 This was done by incorporating slightly extended aliphatic
282 substituents as well as introducing thiophenes as an isosteric
283 replacement for the bromine of lead 2. These modifications
284 were primarily achieved by first forming and utilizing the ortho-
285 bromo precursor 2 in good yield (83%) from 5c and
286 subsequently performing Suzuki couplings to introduce the

s5 287 desired substituents 11a−f (Scheme 5). In the instance of 11f,

288it was not possible to source a supply of isopropylboronic acid
289that was stable; hence, the alternative route through the direct
290O-alkylation of 5c with 1-(bromomethyl)-2-isopropylbenzene
291was utilized.
292The Suzuki coupling to introduce alternative groups to the
293benzyl ortho-position was first trialed with cyclopropylboronic
294acid utilizing previously used conditions from the Suzuki
295couplings of series 3 compounds. Tracking the LCMS profile
296of this reaction concluded that there was no observable
297product formation. Alternative conditions optimized toward
298aryl bromides and alkyl boronic acids were hence referred to as
299described by Wallace and Chen.17 It was concluded that the
300reaction performed best in toluene in the presence of catalytic
301amounts of water, which produced a significant accelerating
302effect. The choice of palladium(II) acetate in conjunction with
303the bulky ligand tricyclohexylphosphine resulted in the best
304conversion. The couplings were also found to be applicable to
305the thiophene-based boronic acids. Formation of products
306typically proceeded with a high degree of conversion; however,
307traces of dehalogenated starting material were at times present.
308A low yield of 8% for 11d and 13% for 11a was attributed to
309both the suboptimal conversion of aryl bromide to the product
310as well as the difficulty in chromatographically separating the
311product from the aryl bromide 2 and the traces of
312dehalogenated starting material.
313Compound 2 was also used to introduce an ethynyl to the
314benzyl ortho-position, in this instance attempting a Sonogashira
315coupling to TMS acetylene followed by deprotection of the
316TMS protecting group. Several relevant literature conditions
317were trialed; however, suboptimal conversion (<50%) to the
318product was commonly observed, likely due to the poor
319solubility of 2 in various reaction solvents. To overcome the
320poor conversion of 2 to the ethynyl 15, an alternative pathway
321 s6was devised (Scheme 6). The idea behind the pathway was to
322introduce the TMS acetylene to the smaller (2-iodophenyl)-
323methanol building block 12, which was much more soluble in
324the reaction solvent. Iodo groups are also known to be more
325reactive in Sonogashira couplings, which helped promote the
326attachment of the TMS acetylene. The newly formed TMS
327acetylene benzyl alcohol 13 underwent conversion to the
328corresponding TMS acetylene benzyl bromide 14 using N-
329bromosuccinimide. The last step in the pathway involved
330alkylating phenol precursor 5c with newly formed 14 using
331previously described O-alkylation conditions, which were
332consequentially strong enough to favorably deprotect the
333TMS group, leading to an excellent average yield of ∼80%
334across the three steps. In addition, ethynyl 15 was hydro-
335genated to the corresponding ethyl 11a via H2 on Pd/C
336chemistry as an alternative method to the previously described
337Suzuki coupling, with significantly improved yields (95 vs
33813%).
339Pharmacology. The DOR is known to be predominantly
340coupled to Gαi/o proteins, leading to the inhibition of
341adenylate cyclases (ACs) located at the cell membrane and
342reduction in intracellular cAMP production. In contrast, the
343phosphorylation of extracellular signal-regulated protein
344kinases (ERK) 1/2 is a far more complex cellular process
345that can originate from (i) Gαi/o-mediated through AC
346inactivation and/or Rap1-GAPII activation and (ii) Gβγ-
347mediated Ras activation via PLCβ and/or PI3K and is
348therefore convergent from multiple downstream signaling
349pathways and not a linearly amplified signaling pathway from
350cAMP. To validate the origins of DOR-mediated pERK1/2

Scheme 4. Synthesis of Compounds 10a−c through the O-
Alkylation of Select Precursor with the Respective Alkyl
Halidea

aReagents and conditions: (a) 1-(chloromethyl)-2-methylbenzene
(for 10a and 10b) or (bromomethyl)cyclohexane (for 10c), DMF,
Cs2CO3, rt, overnight, 10a (58%), 10b (31%) and 10c (72%).
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351 response, we determined concentration−response curves of
352 three structurally distinct DOR agonists, Leu-enkephalin,
353 SNC-80, and TAN-67, in the absence or presence of pertussis
354 toxin (PTX), a protein known to prevent Gαi/o protein
355 activation, in CHO cells stably expressing the DOR (Figure
356 S1). In the presence of 100 ng/mL of PTX, all DOR agonist-
357 mediated pERK1/2 responses were abolished, suggesting that,
358 in CHO cells at least, pERK1/2 responses mediated by DOR
359 agonists are almost completely driven by events following Gαi/
360 o protein activation. Of note, all three agonists appeared to
361 display potency values (Leu-enkephalin: pEC50 = 9.00 ± 0.17,
362 SNC-80: pEC50 = 7.36 ± 0.13, and TAN-67: pEC50 = 7.50 ±
363 0.14) similar to their reported affinities,18 suggesting a low
364 level of receptor reserve in this specific functional assay.
365 Indeed, by performing a [3H]-DPN saturation binding assay
366 on our CHO cell line stably expressing the human DOR, we
367 were able to quantify the expression level of the DOR, Bmax =
368 103,296 ± 24 sites per cell (Figure S2).
369 However, while being both Gαi/o protein-dependent
370 pathways, the activity of DOR PAMs in the inhibition of
371 cAMP and pERK1/2 may nonetheless not necessarily track,
372 and bias may occur between these two pathways. To identify if
373 our newly synthesized DOR PAMs may display some degree of
374 biased modulation between these two Gαi/o-mediated signal-
375 ing pathways, all synthesized compounds were preliminarily
376 screened for PAM activity by measuring the potentiation of the
377 endogenous ligand Leu-enkephalin via both an ERK 1/2
378 phosphorylation assay and a cAMP inhibition assay using
379 CHO cells stably expressing the human DOR. In the
380 preliminary screens, we constructed two concentration−

381response curves of Leu-enkephalin, one in the absence and
382one in the presence of 10 μM of each of the 30 newly
383synthesized compounds, to allow the quantification of the shift
384in agonist potency (ΔpEC50) between the two curves. Results
385for all 30 analogs from the dual screen are reported in the heat
386 f4map (Figure 4). The shift in pEC50 values was used to capture
387the extent of the allosteric effect as an initial surrogate for
388functional cooperativity (αβ), with the PAM effect reflected by
389a shift into the red color, while a potential NAM or antagonist
390effect was reflected by a shift into the blue color.
391The data gained from the primary screen allowed us to gain
392some insight in the associated SAR of the BMS-scaffold
393beyond the benzyl head group from the original BMS study,
394particularly in terms of biased modulation within G protein-
395coupled pathways. While care must be taken as these
396interpretations are based on effects observed at a single, high
397concentration (10 μM) of the modulator, nonetheless, we have
398been able to observe some trends in the activity of our newly
399synthesized DOR PAMs. First, the two reference compounds
400appeared to display subtle differences in their preference
401between ERK1/2 and cAMP pathways, with 1 potentially
402displaying stronger modulation of Leu-enkephalin-mediated
403ERK1/2 phosphorylation response versus cAMP inhibition
404response. In contrast, 2 appeared to behave as a more
405″balanced″ PAM, equipotently potentiating Leu-enkephalin
406responses in both signaling assays. When investigating
407replacements to the benzyl head group 6a−m, the major
408observation was an obvious loss of PAM activity displayed at
40910 μM for the majority of compounds in both pathways,
410including all pyridine derivatives 6b−d, the heterocyclic

Scheme 5. Formation of Ortho-Substituted Compounds via Suzuki Couplings with 2 or through Direct O-Alkylation with 5ca

aReagents and conditions: (a) 1-bromo-2-(bromomethyl)benzene, DMF, Cs2CO3, rt, 20 h, 83%; (b) respective boronic acid, Pd(OAc)2, PCy3,
K3PO4, toluene/H2O (95:5), 100 °C, 1−3 h, 11a−e (8−99%); (c) 1-(bromomethyl)-2-isopropylbenzene, DMF, Cs2CO3, rt, 17 h, 11f (73%).

Scheme 6. Multistep Pathway to Produce Ortho-Ethynyl Analog 15 and Successive Reduction to the Ortho-Ethyl 11aa

aReagents and conditions: (a) ethynyltrimethylsilane, PdCl2(PPh3)2, CuI, Et3N, 0 °C−rt, 5 h, 91%; (b) NBS, PPh3, DCM, 0 °C, 1.5 h, 87%; (c) 5c,
DMF, Cs2CO3, rt, 42 h, 65%; (d) H2, Pd/C, EtOAc, rt, 1.5 h, 95%.
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411 dioxolane 6j, and all fused-bicyclics 6k−m. Of the remaining

412 compounds, the cycloalkyl derivatives 6f and 6g showed

413 comparable activity to 1 and 2, particularly in terms of the
414 ERK1/2 phosphorylation response. Each of the D-ring

415alternatives 7a−c displayed PAM activity across both func-

416tional assays, with 7a favoring pERK1/2 over cAMP inhibition

417and 7b and 7c exhibiting a more ″balanced″ profile. Of note,
418the pyridine linked analog 7a appeared to be the best

Figure 4. Structures of the 30 analogs synthesized in this study and heat map representation of the shift in pEC50 elicited by 10 μM of the
compound (ΔpEC50) in preliminary ERK1/2 phosphorylation and cAMP inhibition screen. Data for the heat map were obtained by determining
concentration−response curves in the absence or presence of 10 μM of each compound, normalized to the positive controls, 10% FBS for pERK1/
2, and 10 μM forskolin for cAMP inhibition, from at least three experiments performed in duplicate. Data were analyzed with a three-parameter
logistic equation to define pEC50; ΔpEC50 values were quantified by subtracting the pEC50 of Leu-enkephalin in the absence of a modulator to the
one in the presence of 10 μM of the modulator (Table S1). Color shifts to red are indicative of PAM effects, while shifts to blue are indicative of
NAM or antagonist effects.
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419 performing analog of the pERK1/2 screen compared to both
420 the BMS leads 1 and 2. The activity of the fluoro-substituted
421 linker indicates that substitution around the phenyl ring as in
422 7c was tolerated, and furthermore, the presence of the fluorine-
423 substituted ring may also be pharmacokinetically advantageous
424 as it may promote reduced metabolism compared to the
425 phenyl ring. Attempts at replacing the oxymethylene linker of

426the scaffold in the pursuit of an improved profile proved to be
427fruitless. The pyrimidine bound structure with an unsub-
428stituted (8a) or substituted xanthenedione core (8b) displayed
429reduced activity relative to the control. Similarly, introducing
430an amide linker, as in 9a, and sulfonamide, as in 9b, reduced
431activity relative to the reference BMS compounds 1 and 2,
432suggesting detrimental interactions to the binding site. While

Figure 5. Effect of increasing concentrations of allosteric modulators on Leu-enkephalin concentration−response curves in both ERK1/2
phosphorylation (left) and cAMP inhibition (right) assays performed in CHO cells stably expressing the DOR for reference compounds BMS-
986187 1 (A, B) as well as the novel modulators 6f (C, D), 6g (E, F), and 11c (G, H). Data represent the mean ± SEM of at least three
experiments performed in duplicate, n = 3−10, normalized to 10% FBS or 10 μM forskolin.
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433 this series was by no means exhaustive, it appears that the
434 oxymethylene linker is important for maintaining activity. The
435 loss of all methyl groups on the xanthenedione core as in 10a
436 displayed near to no PAM activity in our dual screen, but the
437 simple reintroduction of one methyl on each side of the
438 xanthenedione core as in 10b recovered the original activity as
439 seen in 1, with a similar pERK1/2 > cAMP profile. The
440 replacement of the tolyl group for a cyclohexyl as in 10c did
441 not seem to alter the PAM activity. Probing the ortho-position
442 of the head group yielded interesting results. In general, it
443 appears that aliphatic extensions beyond the methyl of 1 were
444 in most instances detrimental in potentiating the Leu-
445 enkephalin-mediated pERK1/2 assays with only marginal
446 effects on the cAMP inhibition responses, therefore potentially
447 shifting the transduction pathways to favor cAMP inhibition
448 over ERK phosphorylation. Neither of the thiophene
449 containing analogs 11d or 11e produced notable activity
450 relative to the BMS lead.
451 Since the parameters from our dual-screen approach relied
452 on only a single concentration (10 μM) of each modulator, we
453 selected nine of the newly synthesized analogs, along with both
454 BMS reference compounds 1 and 2, for full interaction studies
455 in the aforementioned functional assays to fully characterize
456 their allosteric properties. The basis of compound selection
457 was both PAM activity and chemical diversity, thus leading to
458 the cycloalkyl derivatives 6f and 6g; the D-ring alternatives 7a
459 and 7c; the combined hexyl and alternative core 10c; and the
460 extended ortho-substituted analogs 11a, 11c, 11f, and 15 being
461 selected. Results from the full interaction studies are shown in

f5 462 Figure 5, highlighting the effect of increasing concentrations of
463 PAM against concentration−response curves of Leu-enkepha-
464 lin in both cAMP inhibition and ERK1/2 phosphorylation for
465 reference compound 1 and three of the novel modulators (6f,
466 6g, and 11c) identified in this study.
467 For BMS-986187 (1), there was an evident leftward shift of
468 the concentration−response curves in ERK1/2 phosphoryla-
469 tion as the concentration of 1 increased, as well as an increase

470in the Emax response of the endogenous agonist. Such dual
471effects are consistent with PAMs being capable of both affinity
472and efficacy modulation and are only separately detectable
473when the orthosteric agonist is a partial agonist in the system.
474Indeed, in our system, the potency of Leu-enkephalin in cAMP
475inhibition was not dissimilar to its reported affinity.10 This
476feature was less observable in cAMP inhibition, with a limited
477left-shift of Leu-enkephalin potency and no detectable effect on
478its Emax. Consistent with our initial dual screen, the PAM effect
479of 1 was validated as being more pronounced in the ERK1/2
480phosphorylation assay than in the cAMP inhibition assay
481(pERK1/2 > cAMP) in our cell background. Conversely, for
482the ortho-bromo substituted analog 2, the degree to which Leu-
483enkephalin was potentiated in ERK1/2 phosphorylation is
484diminished relative to its ortho-CH3 counterpart 1 yet
485maintained for cAMP inhibition, suggesting that the bulkier
486bromo substituent is detrimental for ERK1/2 phosphorylation,
487rendering 2 equipotent in both functional assays (pERK1/2 =
488cAMP), as was observed in our preliminary screening.
489Analyzing the data with an operational model of allosterism
490allowed us to provide estimates of affinity (pKB) for the
491unoccupied allosteric site of the DOR; the functional
492cooperativity (αβ) exerted by each modulator on the signaling
493response of the endogenous ligand Leu-enkephalin in both
494assays; and, when possible, the efficacy of the modulator (τB)
495 t1in our systems (i.e., allosteric agonist effect) (Table 1).19 As
496the affinity of modulators for the unoccupied allosteric site is
497independent of the functional assays investigated, we globally
498fit the two functional assays, sharing affinity estimates across
499both ERK1/2 phosphorylation and cAMP inhibition assays.
500Reference analog 1 displayed micromolar affinity and
501significantly higher functional cooperativity in the ERK1/2
502phosphorylation assay (log αβ = 1.46 ± 0.18) compared to the
503cAMP inhibition assay (log αβ = 0.63 ± 0.13), as per t test
504statistical analysis. In contrast, 2 displayed similar micromolar
505affinity but appeared to equipotently modulate Leu-enkepha-
506lin-mediated ERK1/2 phosphorylation and cAMP inhibition

Table 1. Pharmacological Parameters for BMS Leads and Selected Modulators at the DORa

aNegative logarithm of the binding affinity estimate for the unoccupied allosteric binding site of the DOR and therefore taken as a shared parameter
between both functional assays. bLogarithm of the functional cooperativity between the allosteric modulator and the endogenous ligand Leu-
enkephalin, reflecting the ability of the modulator to alter the pEC50 and Emax of the orthosteric agonist. cLogarithm of the operational efficacy
parameter of the allosteric ligand, reflecting its ability to induce an agonist response in its own right. dParameter estimate not significantly different
from −3 (τΒ = 0.001), as per F test, and therefore constrained as such in the analysis, reflecting the absence of agonism in our system. eDenotes P <
0.05 when comparing functional cooperativity values of a given allosteric modulator from ERK1/2 phosphorylation assay to cAMP inhibition as per
unpaired Student’s t test with the Holm−Sidak post hoc test. fDenotes P < 0.05 when comparing functional cooperativity values of a given allosteric
modulator in ERK1/2 phosphorylation compared to BMS-986187 (1) performing a one-way ANOVA statistical analysis with Dunnett’s post hoc
test. gDenotes P < 0.05 when comparing functional cooperativity values of a given allosteric modulator in ERK1/2 phosphorylation compared to
BMS-986188 (2) performing a one-way ANOVA statistical analysis with Dunnett’s post hoc test.
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507 responses with log αβ = 0.72 ± 0.18 and 0.85 ± 0.24,
508 respectively. This switch in the balance between the two
509 functional assays appears to be predominantly driven by a
510 reduction in the PAM effect mediated by 2. Indeed, one-way
511 ANOVA statistical analysis shows that the functional
512 cooperativity exerted by 1 is significantly greater in the
513 ERK1/2 phosphorylation assay than the one in the cAMP
514 inhibition assay (Table 1). Of note, the degree of allosteric
515 modulation observed in our study in cAMP inhibition was
516 noticeably reduced for compound 1 compared to the one
517 reported in the original study.10 Such discrepancies may be
518 explained by the use of different detection methods. We used
519 the BRET-based cAMP biosensor (CAMYEL) that relies on
520 local levels of cAMP for its activation/inactivation, while
521 Burford and colleagues used the HTF-based cAMP detection
522 reagent, which detects the global alteration in intracellular
523 cAMP production/inhibition.
524 Identical full pharmacological characterizations were per-
525 formed for all selected nine analogs. Overall, there was no
526 significant observable difference in binding affinities between
527 the reference compounds 1 and 2 and the nine analogs
528 selected from this study. The pyridine-based D-ring 7a
529 appeared to have a marginally weaker binding affinity (pKB =
530 4.89 ± 0.45), while the ortho-ethynyl substituted analog 15 had
531 a slight increase in binding affinity (pKB = 6.18 ± 0.37);
532 however, these differences were not statistically significant.
533 Similarly, none of the functional cooperativity estimates in
534 cAMP inhibition differed from the BMS compounds. In
535 contrast, the functional cooperativity in ERK1/2 phosphor-
536 ylation was the only assay that appeared to be readily affected
537 by our chemical modifications. All parameters from these
538 experiments are listed in Table 1, and the global affinity and

f6 539 cooperativity values between each assay are shown in Figure 6.
540 Overall, the modulators appeared to present in clusters, with
541 some that were more similar to 1, with a preference for PAM
542 effect in ERK1/2 phosphorylation, and others behaving more
543 like 2, displaying more balanced PAM activity across the two
544 signaling pathways. For instance, the two unsubstituted
545 cycloalkane analogs 6f,g, the D-ring alternative 7a, and the
546 ortho-substituted 11a and 11c all seemed to behave in a similar
547 manner to BMS-986187 (1), with 6f,g and 11a displaying a
548 statistically significant higher PAM effect in ERK1/2

549phosphorylation than in cAMP inhibition (Table 1). All five
550analogs displayed strong PAM effects in ERK1/2 phosphor-
551ylation (significantly higher than 2 but similar to 1) with
552marginal effects on cAMP inhibition, with perhaps 11c as an
553exception. The ortho-cyclopropyl substituted analog exhibited
554a trend for increased PAM effect in cAMP inhibition (log αβ =
5551.09 ± 0.25) compared to the two BMS leads; however, this
556did not reach significance in our statistical analysis (Table 1).
557The second cluster of analogs is 7c, 10c, 11f, and 15, which
558displayed significantly reduced PAM effects in ERK1/2
559phosphorylation compared to 6 but maintained a PAM effect
560in cAMP inhibition. These analogs were more similar to 2 in
561terms of their PAM activity, with a more balanced profile
562between the two signaling pathways.
563Finally, it is important to note that some of the PAMs were
564also modest allosteric agonists. This feature is common to
565GPCR PAMs in that the PAMs stabilize the active
566conformation of the receptor. With the exception of 7a, no
567PAM analogs were able to promote any agonist response in
568ERK1/2 phosphorylation assays; however, in cAMP inhibition
569assays, the PAMs 2, 6g, 7a, 11a, and 11c triggered a modest
570agonist response, as seen by an increase in the baseline activity
571(Figure 5D,F,H). It is important to note that this discrepancy
572in allosteric agonism between the two pathways is not
573necessarily indicative of bias. Indeed, in our systems, the
574potency of the endogenous ligand Leu-enkephalin is
575significantly lower in the ERK1/2 phosphorylation assay
576compared to the cAMP inhibition assay (pEC50 = 8.25 ±
5770.06 vs 9.42 ± 0.13, respectively). In these conditions, the
578cAMP inhibition pathway detected is ∼10-fold more amplified,
579and consequently, the degree of allosteric agonism is expected
580to be more readily detectable. Nonetheless, the overall degree
581of allosteric agonism in our assays was low, suggesting that our
582PAM analogs display low allosteric agonist efficacy.

583■ CONCLUSIONS
584In this study, we reported a wide variety of synthetic
585approaches that were expanded upon the scaffold of the
586reference compounds BMS-986187 (1) and BMS-986188 (2).
587A total of 30 analogs were synthesized across five unique series,
588namely, series 1: replacement of the benzyl head group with a
589heteroaromatic, cycloalkyl, and fused bicyclic structures; series

Figure 6. Global affinity estimates (pKB) for selected analogs (A) and functional cooperativity (logαβ) (B) between endogenous orthosteric ligand
Leu-enkephalin and reference compounds 1 and 2, as well as selected PAMs for cAMP inhibition (blue) and pERK 1/2 (yellow). *P < 0.05 when
comparing functional cooperativity values of a given allosteric modulator from the ERK1/2 phosphorylation assay to cAMP inhibition as per
unpaired Student’s t test with the Holm−Sidak post hoc test. #P < 0.05 when comparing functional cooperativity values of a given allosteric
modulator in ERK1/2 phosphorylation compared to BMS-986187 (1) performing a one-way ANOVA statistical analysis with Dunnett’s post hoc
test.
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590 2: modifications to the D-ring with heterocycles; series 3:
591 interchanging the oxymethylene linker with an amide and
592 sulfonamide, as well as the direct C−C bond between the 9-
593 aryl xanthenedione and pyrimidine; series 4: modifying the
594 xanthenedione core by either altering substitution of the C3
595 and C6 position; and series 5: probing the ortho-position of the
596 scaffolds’ aromatic head group with hydrocarbon extensions as
597 well as isosteric replacements for the bromine of 2. All 30
598 synthesized analogs were screened for PAM activity in a dual
599 pERK 1/2 and cAMP inhibition assay at a fixed concentration
600 of 10 μM of the modulator against increasing concentrations of
601 the orthosteric ligand Leu-enkephalin to measure activity
602 potentiation. Globally, 13 analogs appeared to have lost most
603 of their PAM activity in both assays, and the remaining 17
604 analogs could be clustered into two pharmacological behaviors:
605 pERK1/2 > cAMP, with 6f−h, 7a, and 10b,c, versus pERK1/2
606 = cAMP, with 6a, 6i, 7b,c, 11a−f, and 15. A selection of nine
607 analogs from these two clusters was further investigated in full
608 interaction studies to provide further information surrounding
609 the SAR of the scaffold and information on iterations that
610 favored specific binding or functional capabilities. What was
611 most profoundly validated from these extended studies was the
612 potential to shift the signaling bias between the downstream
613 pathways of ERK1/2 phosphorylation and cAMP inhibition.
614 This phenomenon was perhaps best observed with the
615 cyclopentyl analog 6g (pERK1/2 > cAMP) and the ortho-
616 cyclopropyl 11c (pERK1/2 = cAMP) and will prove to be
617 useful tool compounds toward future iterations around the
618 scaffold that may require specific downstream signaling.
619 One caveat of our study is that we have not determined how
620 the new BMS analogs bind to DOR. Prior MD simulations and
621 docking studies have suggested that DOR PAMs bind in an
622 extracellular pocket near the orthosteric site.20,21 A new NMR
623 spectroscopy study on the μ-opioid receptor has shown that
624 BMS-986122 binds to an extrahelical pocket outside of the
625 receptor near TM3.22 Prior pharmacological evidence
626 suggested that BMS-986122 and BMS-986187 bind to a
627 common allosteric site on opioid receptors.23 Therefore, it is
628 not clear where or how these BMS analogs bind to DOR, and
629 answering this question will likely require the determination of
630 a PAM bound DOR structure. Notably, there are currently no
631 PAM bound opioid receptor structures, and such a structure
632 would be pivotal to understanding the binding mechanism of
633 opioid receptor PAMs.

634 ■ EXPERIMENTAL SECTION
635 All reagents and solvents used were obtained from standard suppliers
636 and used without additional purification. Reaction progress was
637 monitored via thin-layer chromatography (TLC) utilizing Merck
638 Millipore TLC silica gel 60 F254 aluminum plates, which were
639 visualized under ultraviolet light (254 nm). Flash column chromatog-
640 raphy (FCC) was performed using either isocratic or gradient solvent
641 ratios through Merck silica gel 60, particle size 40−63 μm. 1H NMR,
642

13C NMR, and 19F NMR spectra were recorded using a Bruker
643 Avance III Nanobay 400 MHz spectrometer equipped with a BACS
644 60 automatic sample changer at 400, 101, and 377 MHz, respectively.
645 All chemical shifts (δ) are recorded in parts per million (ppm), with
646 all peaks being referenced through the residual deuterated solvent
647 peak. Experimental data were recorded in the following format:
648 chemical shift (multiplicity, coupling constant, integration) whereby
649 multiplicity is denoted by singlet (s), doublet (d), triplet (t), quartet
650 (q), pentet (p), heptet (hept), doublet of doublets (dd), triplet of
651 doublets (td), doublet of doublets of doublets (ddd), and multiplet
652 (m). Coupling constants were recorded as J in hertz (Hz). 13C NMR

653assignments were based on the spectral phasing of carbon
654environments in regard to the APT test where C = quaternary
655carbon, CH = methine carbon, CH2 = methylene carbon, and CH3 =
656methyl carbon. Deuterated solvents were purchased from Cambridge
657Isotope Laboratories, Inc. LC−MS analysis was conducted on an
658Agilent 1260 LCMS SQ equipped with a 1260 Infinity G1312B
659Binary pump and a 1260 Infinity G1367E 1260 HiP ALS autosampler.
660Detection of UV reactive compounds was performed at wavelengths
661of 214 and 254 nm and was recorded by a 1290 Infinity G4212A 1290
662DAD variable wavelength detector. LC−MS data were processed
663through the LC/MSD Chemstation Rev.B.04.03 SP2 coupled with
664the MassHunter Easy Access Software. The LC component was run as
665a reverse phase HPLC using a Raptor C18 2.7 μm 50 × 3.0 mm
666column at 35 °C. Solvents comprised of buffer A was 0.1% formic acid
667in H2O, and buffer B was 0.1% formic acid in MeCN. The gradient
668was as follows: 0−1 min 95% buffer A and 5% buffer B, from 1 to 2.5
669min up to 0% buffer A and 100% buffer B, held at this composition
670until 3.8 min, 3.8−4 min 95% buffer A and 5% buffer B, held until 5
671min at this composition. The flow rate was 0.5 mL/min, and total run
672time was 5 min The mass spectrum section was acquired in positive
673and negative ion mode using a scan range of 100−1000 m/z. HR-MS
674analysis was conducted with an Agilent 6224 TOF LC/MS Mass
675Spectrometer coupled to an Agilent 1290 Infinity (Agilent, Palo Alto,
676CA). All data were acquired, and reference mass was corrected via a
677dual-spray electrospray ionization (ESI) source. Each scan or data
678point on the total ion chromatogram (TIC) is an average of 13,700
679transients, producing a spectrum every second. Mass spectra were
680created by averaging the scans across each peak and background
681subtracted against the first 10 s of the TIC. Mass spectrometer
682conditions used were as follows: electrospray ionization mode, 11 L/
683min drying gas flow, 45 psi nebulizer, 325 °C drying gas temperature,
6844000 V capillary voltage, 160 V fragmentor, 65 V skimmer, 750 V
685OCT RFV, and a scan range of 100−1500 m/z. The internal reference
686ions were m/z = 121.050873 and 922.009798 in the positive ion
687mode. Analytical HPLC was performed on an Agilent 1260 analytical
688HPLC system through a Zorbax Eclipse Plus C18 Rapid Resolution
6894.6 × 100 mm 3.5 μm column using a flow rate of 20 mL/min and a
690gradient of 5−100% B over 12 min followed by 100% B over 3 min
691where A = Milli-Q water and B = HPLC-grade MeCN.
692General Procedure A: Tandem Knoevenagel Condensation
693and Michael Condensation to Form 9-Arylxanthenediones.
694To a solution of cyclohexanedione (2.0 equiv) in MeOH were added
695aryl aldehyde (1.0 equiv) and 98% H2SO4 (10 μL). The reaction
696mixture was left to stir under reflux overnight. The formed precipitate
697was collected by suction filtration and washed with cold MeOH (∼20
698mL) to afford the desired product without further purification.
699General Procedure B: O-Alkylation. To a solution of 9-
700arylxanthenedione (1.0 equiv) in DMF (4 mL/100 mg intermediate)
701were added the associated alkyl halide (2.0−3.0 equiv) and Cs2CO3
702(2.0−5.0 equiv). The reaction mixture was stirred at room
703temperature for a specified period of time. The reaction mixture
704was partitioned between EtOAc (40 mL) and water (40 mL), and the
705phases were separated. The organic phase was further washed with
706water (2 × 40 mL) followed by brine (40 mL), dried over MgSO4,
707gravity filtered, and then concentrated in vacuo before being purified
708via FCC. The collected eluates were reduced in vacuo to afford the
709desired product.
7109-(4-Hydroxyphenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-
7111,8(2H)-dione (5a). 1,3-Cyclohexanedione (5.00 g, 44.6 mmol, 2.0
712equiv) and p-hydroxybenzaldehyde (2.72 g, 22.3 mmol, 1.0 equiv) in
713MeOH (20 mL) were reacted for 22 h as per general procedure A.
714The desired product was afforded as a beige powder (4.26 g, 62%).
715LCMS (m/z): 217.1 [M − C6H5O]+. TLC Rf = 0.38 (PET/EtOAc,
7161:1). 1H NMR (DMSO-d6) δ 9.16 (s, 1H), 7.00−6.91 (m, 2H),
7176.61−6.52 (m, 2H), 4.47 (s, 1H), 2.71−2.51 (m, 4H), 2.36−2.18 (m,
7184H), 2.02−1.89 (m, 2H), 1.89−1.75 (m, 2H). 13C NMR (DMSO-d6)
719δ 196.4 (C), 164.5 (C), 155.6 (C), 135.1 (C), 128.9 (CH), 116.0
720(C), 114.7 (CH), 36.5 (CH2), 29.8 (CH), 26.5 (CH2), 19.9 (CH2).
7219-(4-Hydroxyphenyl)-3,6-dimethyl-3,4,5,6,7,9-hexahydro-1H-
722xanthene-1,8(2H)-dione (5b). 5-Methyl-1,3-cyclohexanedione (1.00
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723 g, 7.93 mmol, 2.0 equiv) and p-hydroxybenzaldehyde (484 mg, 3.96
724 mmol, 1.0 equiv) in MeOH (4 mL) were reacted for 19 h as per
725 general procedure A. The desired product was afforded as a white
726 crystalline solid (536 mg, 40%). LCMS (m/z): 245.1 [M − C6H5O]+,
727 337.1 [M − H]−. TLC Rf = 0.40 (PET/EtOAc, 1:1). 1H NMR
728 (CDCl3) δ 9.16 (s, 1H), 6.93 (dt, J = 8.4, 2.9 Hz, 2H), 6.57 (dt, J =
729 8.5, 1.8 Hz, 2H), 4.43 (t, J = 7.9 Hz, 1H), 2.67−2.59 (m, 2H), 2.48−
730 2.41 (m, 1H), 2.39−2.18 (m, 4H), 2.16−1.92 (m, 3H), 1.06−0.89
731 (m, 6H). 13C NMR (CDCl3) δ 196.9 (C), 163.6 (C), 154.3 (C),
732 136.2 (C), 129.4 (CH), 116.7 (C), 115.1 (CH), 45.2 (CH2), 35.2
733 (CH2), 30.9 (CH), 27.8 (CH), 20.8 (CH3).
734 9-(4-Hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-
735 1H-xanthene-1,8(2H)-dione (5c). 5,5-Dimethyl-1,3-cyclohexanedione
736 (5.00 g, 35.7 mmol, 2.0 equiv) and p-hydroxybenzaldehyde (2.18 g,
737 17.8 mmol, 1.0 equiv) in MeOH (4 mL) were reacted for 18 h as per
738 general procedure A. The desired product was afforded as a white
739 solid (2.03 g, 31%). LC−MS (m/z): 273.1 [M − C6H5O]+, 390.2 [M
740 + Na]+ and 755.3 [2M + Na]+. TLC Rf = 0.45 (PET/EtOAc, 1:1). 1H
741 NMR (CDCl3) δ 7.16−7.04 (m, 2H), 6.64−6.52 (m, 2H), 5.91 (s,
742 1H), 4.67 (s, 1H), 2.45 (br s, 4H), 2.24 (d, J = 16.3 Hz, 2H), 2.18 (d,
743 J = 16.3 Hz, 2H), 1.09 (s, 6H), 1.00 (s, 6H). 13C NMR (DMSO-d6) δ
744 196.6 (C), 163.1 (C), 156.0 (C), 135.3 (C), 129.4 (CH), 115.3 (C),
745 115.1 (CH), 50.5 (C), 39.9 (CH2), 32.3 (CH2), 30.6 (CH), 29.2
746 (CH3), 26.9 (CH3).
747 9-(4-Bromophenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-
748 dione (5d). 1,3-Cyclohexanedione (2.00 g, 17.8 mmol, 2.0 equiv) and
749 p-bromobenzaldehyde (1.65 g, 8.92 mmol, 1.0 equiv) in MeOH (8
750 mL) were reacted for 18 h as per general procedure A. The desired
751 product was afforded as a beige powder (1.84 g, 55%). LC−MS (m/
752 z): 217.1 [M − C6H5

79Br]+ and 373.1 [M + H]+. TLC Rf = 0.46
753 (PET/EtOAc, 1:1). 1H NMR (DMSO-d6) δ 7.45−7.35 (m, 2H),
754 7.17−7.09 (m, 2H), 4.53 (s, 1H), 2.71−2.54 (m, 4H), 2.36−2.18 (m,
755 4H), 2.00−1.89 (m, 2H), 1.89−1.78 (m, 2H). 13C NMR (DMSO-d6)
756 δ 196.4 (C), 165.1 (C), 144.0 (C), 130.9 (CH), 130.4 (CH), 119.3
757 (C), 115.1 (C), 36.4 (CH2), 30.8 (CH), 26.5 (CH2), 19.9 (CH2).
758 9-(4-Bromophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-
759 1H-xanthene-1,8(2H)-dione (5e). 5,5-Dimethyl-1,3-cyclohexane-
760 dione (5.00 g, 35.7 mmol, 2.0 equiv) and p-bromobenzaldehyde
761 (3.30 g, 17.8 mmol, 1.0 equiv) in MeOH (20 mL) were reacted for 19
762 h as per general procedure A. The desired product was afforded as a
763 white crystalline solid (4.11 g, 54%). LC−MS (m/z): 429.1 [M + H]+

764 and 452.0 [M + Na]+. TLC Rf = 0.49 (PET/EtOAc, 1:1). 1H NMR
765 (CDCl3) δ 7.45−7.38 (m, 2H), 7.15−7.08 (m, 2H), 4.47 (s, 1H),
766 2.52 (br s, 4H), 2.26 (d, J = 16.2 Hz, 2H), 2.07 (d, J = 16.0 Hz, 2H),
767 1.03 (s, 6H), 0.89 (s, 6H). 13C NMR (CDCl3) δ 196.5 (C), 162.6
768 (C), 143.4 (C), 131.3 (CH), 130.3 (CH), 120.4 (C), 115.3 (C), 50.8
769 (C), 40.9 (CH2), 32.4 (CH2), 31.7 (CH), 29.4 (CH3), 27.4 (CH3).
770 9-(5-Hydroxypyridin-2-yl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexa-
771 hydro-1H-xanthene-1,8(2H)-dione (5f). 5,5-Dimethylcyclohexane-
772 1,3-dione (200 mg, 1.43 mmol, 2.0 equiv) and 5-hydroxypicolinalde-
773 hyde (88 mg, 713 μmol, 1.0 equiv) in MeOH (2 mL) were reacted for
774 18 h as per general procedure A. The desired product was afforded as
775 a white powder (54 mg, 21%). LC−MS (m/z): 368.2 [M + H]+,
776 390.2 [M + Na]+, 757.3 [2M + Na]+. TLC Rf = 0.55 (PET/EtOAc,
777 1:1). 1H NMR (CD3OD) δ 7.18 (d, J = 2.8 Hz, 1H), 6.69 (d, J = 8.7
778 Hz, 1H), 6.60 (dd, J = 2.8, 8.7 Hz, 1H), 3.95 (s, 1H), 1.78 (br s, 4H),
779 1.50 (d, J = 16.2 Hz, 2H), 1.35 (d, J = 16.2 Hz, 2H), 0.30 (s, 6H),
780 0.20 (s, 6H). 13C NMR (CD3OD) δ 198.0 (C), 164.7 (C), 153.7 (C),
781 151.0 (C), 131.7 (CH), 127.1 (CH), 125.8 (CH), 112.3 (C), 49.9
782 (CH2), 39.9 (CH2), 32.5 (CH), 31.8 (C), 27.5 (CH3), 26.1 (CH3).
783 9-(3-Chloro-4-hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
784 hexahydro-1H-xanthene-1,8(2H)-dione (5g). 5,5-Dimethylcyclohex-
785 ane-1,3-dione (400 mg, 2.85 mmol, 2.0 equiv) and 3-chloro-4-
786 hydroxybenzaldehyde (223 mg, 1.43 mmol, 1.0 equiv) in MeOH (2
787 mL) were reacted for 20 h as per general procedure A. The desired
788 product was afforded as a white powder (220 mg, 38%). LC−MS (m/
789 z): 273.2 [M − C6H4

35ClO]+. TLC Rf = 0.60 (PET/EtOAc, 1:1). 1H
790 NMR (DMSO-d6) δ 9.94 (s, 1H), 7.05 (d, J = 2.2 Hz, 1H), 6.89 (dd,
791 J = 2.2, 8.4 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 4.39 (s, 1H), 2.59−2.46
792 (m, 4H), 2.26 (d, J = 16.2 Hz, 2H), 2.09 (d, J = 16.1 Hz, 2H), 1.03 (s,

7936H), 0.91 (s, 6H). 13C NMR (DMSO-d6) δ 196.1 (C), 162.8 (C),
794151.2 (C), 136.1 (C), 129.2 (CH), 127.3 (CH), 118.8 (C), 116.1
795(CH), 114.1 (C), 50.0 (CH2), 39.6 (CH2), 31.8 (C), 30.2 (CH), 28.6
796(CH3), 26.4 (CH3).
7979-(3-Fluoro-4-hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
798hexahydro-1H-xanthene-1,8(2H)-dione (5h). 5,5-Dimethylcyclohex-
799ane-1,3-dione (400 mg, 2.85 mmol, 2.0 equiv) and 3-fluoro-4-
800hydroxybenzaldehyde (200 mg, 1.43 mmol, 1.0 equiv) in MeOH (2
801mL) were reacted for 20 h as per general procedure A. The desired
802product was afforded as a white powder (204 mg, 37%). LC−MS (m/
803z): 273.1 [M − C6H4FO]+. TLC Rf = 0.65 (PET/EtOAc, 1:1). 1H
804NMR (DMSO-d6) δ 9.95 (s, 1H), 7.06 (d, J = 2.1 Hz, 1H), 6.90 (dd,
805J = 2.2, 8.4 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 4.40 (s, 1H), 2.62−2.47
806(m, 4H), 2.27 (d, J = 16.2 Hz, 2H), 2.10 (d, J = 16.1 Hz, 2H), 1.04 (s,
8076H), 0.92 (s, 6H). 13C NMR (CDCl3) δ 196.8 (C), 162.5 (C), 150.8
808(d, JCF = 237.9 Hz, C), 142.2 (d, JCF = 14.2 Hz, C), 137.1 (d, JCF = 5.0
809Hz, C), 124.4 (d, JCF = 3.2 Hz, CH), 116.9 (d, JCF = 2.0 Hz, CH),
810115.7 (d, JCF = 18.4 Hz, CH), 115.5 (C), 50.8 (CH2), 40.9 (CH2),
81132.3 (C), 31.1 (CH), 29.3 (CH3), 27.5 (CH3). 19F NMR (DMSO-d6)
812δ −137.15.
8133,3,6,6-Tetramethyl-9-(4-nitrophenyl)-3,4,5,6,7,9-hexahydro-1H-
814xanthene-1,8(2H)-dione (5i). 5,5-Dimethyl-1,3-cyclohexanedione
815(1.00 g, 7.13 mmol, 2.0 equiv) and p-nitrobenzaldehyde (539 mg,
8163.57 mmol, 1.0 equiv) in MeOH (4 mL) were reacted for 19 h as per
817general procedure A. The desired product was afforded as a white
818powder (590 mg, 42%). LC−MS (m/z): 396.2 [M + H]+. TLC Rf =
8190.42 (PET/EtOAc, 1:1). 1H NMR (DMSO-d6) δ 8.20−8.05 (m, 2H),
8207.51−7.40 (m, 2H), 4.61 (s, 1H), 2.65−2.47 (m, 4H), 2.28 (d, J =
82116.2 Hz, 2H), 2.08 (d, J = 16.1 Hz, 2H), 1.03 (s, 6H), 0.89 (s, 6H).
822

13C NMR (DMSO-d6) δ 196.6 (C), 163.9 (C), 152.3 (C), 146.4 (C),
823129.9 (CH), 123.6 (CH), 113.8 (C), 50.3 (C), 40.2 (CH2), 32.4
824(CH2), 32.4 (CH), 29.0 (CH3), 27.0 (CH3).
8259-(4-Aminophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-
8261H-xanthene-1,8(2H)-dione (5j). To a solution of 3,3,6,6-tetrameth-
827yl-9-(4-nitrophenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-
828dione (5i) (100 mg, 253 μmol, 1.0 equiv) in EtOH (1 mL) were
829added granulated tin (300 mg, 2.53 mmol, 10.0 equiv) and 1 M HCl
830(1 mL). The mixture was stirred under reflux for 1 h; thereafter, LC−
831MS analysis showed complete consumption of the starting material.
832The reaction mixture was gravity filtered to remove any remaining
833granulated tin. An aqueous solution of NaOH (0.5 M) was
834subsequently added dropwise to the collected filtrate until a pH of
8357−8 was attained. The EtOH within the solution was evaporated in
836vacuo. The resultant mixture was partitioned between EtOAc (40 mL)
837and water (40 mL), and the phases were separated. The organic phase
838was further washed with water (2 × 40 mL) followed by brine (40
839mL), dried over MgSO4, gravity filtered, and then concentrated in
840vacuo to afford the desired product as a white solid (58 mg, 63%).
841LC−MS (m/z): 273.1 [M − C6H6N]+

, 366.2 [M + H]+, 389.2 [M +
842Na]+, 638.4 [2M − C6H6N]+ and 754.4 [2M + Na]+. TLC Rf = 0.42
843(PET/EtOAc, 1:1). 1H NMR (CDCl3) δ 7.11−7.00 (m, 2H), 6.59−
8446.47 (m, 2H), 4.63 (s, 1H), 3.51 (s, 2H), 2.44 (br s, 4H), 2.22 (d, J =
84516.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H), 1.09 (s, 6H), 0.99 (s, 6H).
846

13C NMR (CDCl3) δ 196.5 (C), 161.9 (C), 144.6 (C), 134.7 (C),
847129.2 (CH), 115.9 (C), 115.0 (CH), 50.8 (C), 40.9 (CH2), 32.2
848(CH2), 30.8 (CH), 29.3 (CH3), 27.4 (CH3).
8499-(4-((2,3-Dimethylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
8503,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6a). 9-(4-Hy-
851droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
8521,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 1-(bromometh-
853yl)-2,3-dimethylbenzene (109 mg, 546 μmol, 2.0 equiv), and Cs2CO3
854(178 mg, 546 μmol, 2.0 equiv) in DMF (4 mL) were reacted as per
855general procedure B for 18 h. The desired product was isolated via
856FCC (PET/EtOAc 4:1), resulting in a white solid (98 mg, 74%)
857following concentration. LC−MS (m/z): 273.2 [M − C15H15O]+ and
858507.2 [M + Na]+. TLC Rf = 0.22 (PET/EtOAc, 4:1). HPLC: tR 7.21
859min, >95% purity (254 nm). HRMS: calcd for C32H36NaO4

+ [M +
860Na]+ 507.2506, found 507.2517. 1H NMR (CDCl3) δ 7.26−7.22 (m,
8613H), 7.16 (d, J = 7.6 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 6.89−6.85 (m,
8622H), 4.97 (s, 2H), 4.73 (s, 1H), 2.48 (br s, 4H), 2.33 (s, 3H), 2.26 (s,
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863 3H), 2.26 (d, J = 16.3 Hz, 2H), 2.20 (d, J = 16.3 Hz, 2H), 1.13 (s,
864 6H), 1.03 (s, 6H). 13C NMR (CDCl3) δ 196.5 (C), 162.0 (C), 157.4
865 (C), 137.1 (C), 136.6 (C), 135.6 (C), 134.7 (C), 130.0 (CH), 129.3
866 (CH), 127.0 (CH), 125.5 (CH), 115.7 (C), 114.2 (CH), 69.1 (CH2),
867 50.7 (CH2), 40.8 (CH2), 32.2 (C), 31.02 (CH), 29.2 (CH3), 27.4
868 (CH3), 20.3 (CH3), 14.9 (CH3).
869 3,3,6,6-Tetramethyl-9-(4-(pyridin-2-ylmethoxy)phenyl)-
870 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6b). 9-(4-Hy-
871 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
872 1,8(2H)-dione (5c) (61 mg, 166 μmol, 1.0 equiv), 2-(bromomethyl)-
873 pyridine hydrobromide (82 mg, 333 μmol, 2.0 equiv), and Cs2CO3
874 (163 mg, 499 μmol, 3.0 equiv) in DMF (3 mL) were reacted as per
875 general procedure B for 18 h. The desired product was isolated via
876 FCC (PET/EtOAc 1:1), resulting in an off-white solid (50 mg, 66%)
877 following concentration. LC−MS (m/z): 273.2 [M − C12H10NO]+

,
878 458.2 [M + H]+, and 480.2 [M + Na]+. TLC Rf = 0.31 (PET/EtOAc,
879 1:1). HPLC: tR 5.39 min, >95% purity (254 nm). HRMS: calcd for
880 C29H31NO4

+ [M + H]+ 458.2326, found 458.2338. 1H NMR
881 (CDCl3) δ 8.63−8.53 (m, 1H), 7.69 (td, J = 7.7, 1.8 Hz, 1H),
882 7.55−7.44 (m, 1H), 7.24−7.16 (m, 3H), 6.90−6.78 (m, 2H), 5.12 (s,
883 2H), 4.70 (s, 1H), 2.45 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d,
884 J = 16.3 Hz, 2H), 1.09 (s, 6H), 0.99 (s, 6H). 13C NMR (CDCl3) δ
885 196.6 (C), 162.2 (C), 157.6 (C), 157.0 (C), 149.2 (CH), 137.1 (C),
886 136.9 (CH), 129.5 (CH), 122.6 (CH), 121.4 (CH), 115.9 (C), 114.5
887 (CH), 70.7 (CH2), 50.9 (C), 41.0 (CH2), 32.4 (CH2), 31.1 (CH),
888 29.4 (CH3), 27.5 (CH3).
889 3,3,6,6-Tetramethyl-9-(4-(pyridin-3-ylmethoxy)phenyl)-
890 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6c). 9-(4-Hy-
891 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
892 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 3-
893 (chloromethyl)pyridine hydrochloride (90 mg, 546 μmol, 2.0
894 equiv), and Cs2CO3 (267 mg, 819 μmol, 3.0 equiv) in DMF (4
895 mL) were reacted as per general procedure B for 18 h. The desired
896 product was isolated via FCC (PET/EtOAc 1:1), resulting in an off-
897 white solid (49 mg, 39%) following concentration. LC−MS (m/z):
898 458.2 [M + H]+. TLC Rf = 0.3 (PET/EtOAc, 1:1). HPLC: tR 5.35
899 min. HRMS: calcd for C29H31NO4

+ [M + H]+ 458.2326, found
900 458.2337. 1H NMR (CDCl3) δ 8.64 (d, J = 1.4 Hz, 1H), 8.56 (dd, J =
901 4.8, 1.7 Hz, 1H), 7.74 (dt, J = 7.9, 2.0 Hz, 1H), 7.30 (ddd, J = 7.9, 4.8,
902 0.9 Hz, 1H), 7.25−7.19 (m, 2H), 6.87−6.80 (m, 2H), 4.99 (s, 2H),
903 4.70 (s, 1H), 2.46 (br s, 4H), 2.24 (d, J = 16.3 Hz, 2H), 2.17 (d, J =
904 16.3 Hz, 2H), 1.10 (s, 6H), 0.99 (s, 6H). 13C NMR (CDCl3) δ 196.5
905 (C), 162.1 (C), 156.8 (C), 149.3 (CH), 148.9 (CH), 137.2 (C),
906 135.3 (CH), 132.7 (C), 129.4 (CH), 123.5 (CH), 115.6 (C), 114.3
907 (CH), 67.4 (CH2), 50.7 (CH2), 40.8 (CH2), 32.2 (C), 31.0 (CH),
908 29.2 (CH3), 27.3 (CH3).
909 3,3,6,6-Tetramethyl-9-(4-(pyridin-4-ylmethoxy)phenyl)-
910 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6d). 9-(4-Hy-
911 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
912 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 4-
913 (bromomethyl)pyridine hydrobromide (207 mg, 819 μmol, 3.0
914 equiv), and Cs2CO3 (445 mg, 1.36 mmol, 5.0 equiv) in DMF (4
915 mL) were reacted as per general procedure B for 4 days. The desired
916 product was isolated via FCC (PET/EtOAc 1:2), resulting in a light-
917 yellow solid (28 mg, 22%) following concentration. LC−MS (m/z):
918 458.2 [M + H]+. TLC Rf = 0.31 (PET/EtOAc, 1:1). HPLC: tR 5.34
919 min, >95% purity (254 nm). HRMS: calcd for C29H31NO4

+ [M + H]+

920 458.2326, found 458.2340. 1H NMR (CDCl3) δ 8.64−8.56 (m, 2H),
921 7.38−7.32 (m, 2H), 7.27−7.21 (m, 2H), 6.90−6.78 (m, 2H), 5.03 (s,
922 2H), 4.73 (s, 1H), 2.45 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d,
923 J = 16.3 Hz, 2H), 1.12 (s, 6H), 1.01 (s, 6H). 13C NMR (CDCl3) δ
924 196.4 (C), 162.1 (C), 156.7 (C), 149.8 (CH), 146.5 (C), 137.4 (C),
925 129.5 (CH), 121.5 (CH), 115.7 (C), 114.3 (CH), 68.1 (CH2), 50.7
926 (CH2), 40.8 (CH2), 32.2 (C), 31.0 (CH), 29.2 (CH3), 27.3 (CH3).
927 9-(4-(Cyclopropylmethoxy)phenyl)-3,3,6,6-tetramethyl-
928 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6e). 9-(4-Hy-
929 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
930 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), (bromomethyl)-
931 cyclopropane (53.0 μL, 546 μmol, 2.0 equiv), and Cs2CO3 (178 mg,
932 546 μmol, 2.0 equiv) in DMF (4 mL) were reacted as per general

933procedure B for 21 h. The desired product was isolated via FCC
934(PET/EtOAc 4:1), resulting in a white solid (71 mg, 62%) following
935concentration. LC−MS (m/z): 273.2 [M − C10H11O]+, 443.2 [M +
936Na]+, and 693.4 [2M − C9H11O]+. TLC Rf = 0.27 (PET/EtOAc,
9374:1). HPLC: tR 6.52 min, >95% purity (254 nm). HRMS: calcd for
938C27H32NaO4

+ [M + Na]+ 443.2193, found 443.2203. 1H NMR
939(CDCl3) δ 7.24−7.14 (m, 2H), 6.80−6.73 (m, 2H), 4.71 (s, 1H),
9403.74 (d, J = 6.9 Hz, 2H), 2.47 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H),
9412.16 (d, J = 16.3 Hz, 2H), 1.27−1.22 (m, 1H), 1.12 (s, 6H), 1.01 (s,
9426H), 0.66−0.57 (m, 2H), 0.36−0.28 (m, 2H). 13C NMR (CDCl3) δ
943196.4 (C), 162.0 (C), 157.3 (C), 136.3 (C), 129.2 (CH), 115.8 (C),
944114.0 (CH), 72.5 (CH2), 50.7 (CH2), 40.8 (CH2), 32.2 (C), 30.9
945(CH), 29.3 (CH3), 27.3 (CH3), 10.3 (CH), 3.1 (CH2).
9469-(4-(Cyclobutylmethoxy)phenyl)-3,3,6,6-tetramethyl-
9473,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6f). 9-(4-Hy-
948droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
9491,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), (bromomethyl)-
950cyclobutane (61.0 μL, 546 μmol, 2.0 equiv), and Cs2CO3 (178 mg,
951546 μmol, 2.0 equiv) in DMF (4 mL) were reacted as per general
952procedure B for 3 days. The desired product was isolated via FCC
953(PET/EtOAc 5:1), resulting in an off-white solid (81 mg, 68%)
954following concentration. LC−MS (m/z): 273.2 [M − C11H13O]+ and
955457.3 [M + Na]+. TLC Rf = 0.24 (PET/EtOAc, 5:1). HPLC: tR 6.94
956min, >95% purity (254 nm). HRMS: calcd for C28H34NaO4

+ [M +
957Na]+ 457.2349, found 457.2362. 1H NMR (CDCl3) δ 7.21−7.14 (m,
9582H), 6.77−6.72 (m, 2H), 4.69 (s, 1H), 3.84 (d, J = 6.7 Hz, 2H), 2.70
959(hept, J = 7.3 Hz, 1H), 2.45 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H),
9602.16 (d, J = 16.3 Hz, 2H), 2.13−2.04 (m, 2H), 1.98−1.86 (m, 2H),
9611.86−1.74 (m, 2H), 1.09 (s, 6H), 0.99 (s, 6H). 13C NMR (CDCl3) δ
962196.4 (C), 161.9 (C), 157.6 (C), 136.2 (C), 129.2 (CH), 115.8 (C),
963114.0 (CH), 71.8 (CH2), 50.7 (CH2), 40.8 (CH2), 34.6 (CH), 32.2
964(C), 30.9 (CH), 29.3 (CH3), 27.3 (CH3), 24.8 (CH2), 18.6 (CH2).
9659-(4-(Cyclopentylmethoxy)phenyl)-3,3,6,6-tetramethyl-
9663,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6g). 9-(4-Hy-
967droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
9681,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), (bromomethyl)-
969cyclopentane (103 μL, 819 μmol, 3.0 equiv), and Cs2CO3 (267 mg,
970819 μmol, 3.0 equiv) in DMF (4 mL) were reacted as per general
971procedure B for 4 days. The desired product was isolated via FCC
972(PET/EtOAc 5:1), resulting in an off-white solid (85 mg, 69%)
973following concentration. LC−MS (m/z): 273.1 [M − C12H15O]+,
974471.3 [M + Na]+, and 919.4 [2M + Na]+. TLC Rf = 0.20 (PET/
975EtOAc, 5:1). HPLC: tR 7.22 min, >95% purity (254 nm). HRMS:
976calcd for C29H36NaO4

+ [M + Na]+ 471.2506, found 471.2518. 1H
977NMR (CDCl3) δ 7.23−7.15 (m, 2H), 6.79−6.72 (m, 2H), 4.71 (s,
9781H), 3.76 (d, J = 7.0 Hz, 2H), 2.47 (br s, 4H), 2.33 (hept, J = 7.3 Hz,
9791H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H) 1.89−1.73
980(m, 2H), 1.70−1.48 (m, 4H), 1.40−1.29 (m, 2H), 1.12 (s, 6H), 1.01
981(s, 6H). 13C NMR (CDCl3) δ 196.4 (C), 161.9 (C), 157.7 (C), 136.2
982(C), 129.2 (CH), 115.8 (C), 114.0 (CH), 72.0 (CH2), 50.7 (CH2),
98340.8 (CH2), 39.1 (CH), 32.2 (C), 30.9 (CH), 29.5 (CH2), 29.3
984(CH3), 27.3 (CH3), 25.4 (CH2).
9859-(4-(Cyclohexylmethoxy)phenyl)-3,3,6,6-tetramethyl-
9863,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6h). 9-(4-Hy-
987droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
9881,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), (bromomethyl)-
989cyclohexane (76 μL, 546 μmol, 2.0 equiv), and Cs2CO3 (178 mg, 546
990μmol, 2.0 equiv) in DMF (4 mL) were reacted as per general
991procedure B for 20 h. The desired product was isolated via FCC
992(PET/EtOAc 3:1), resulting in a white solid (48 mg, 38%) following
993concentration. LC−MS (m/z): 273.1 [M − C13H17O]+. TLC Rf =
9940.33 (PET/EtOAc, 3:1). HPLC: tR 7.56 min, >95% purity (254 nm).
995HRMS: calcd for C30H38NaO4

+ [M + Na]+ 485.2662, found
996485.2671. 1H NMR (CDCl3) δ 7.22−7.13 (m, 2H), 6.77−6.68 (m,
9972H), 4.68 (s, 1H), 3.66 (d, J = 6.3 Hz, 2H), 2.44 (br s, 4H), 2.23 (d, J
998= 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H), 1.86−1.78 (m, 2H), 1.77−
9991.61 (m, 4H), 1.33−81.14 (m, 5H), 1.09 (s, 6H), 0.99 (s, 6H). 13C
1000NMR (CDCl3) δ 196.5 (C), 162.0 (C), 157.7 (C), 136.2 (C), 129.3
1001(CH), 115.9 (C), 113.9 (CH), 73.3 (CH2), 50.8 (C), 40.9 (CH2),
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1002 37.7 (CH), 32.2 (CH2), 30.9 (CH), 29.9 (CH2), 29.3 (CH3), 27.4
1003 (CH3), 26.6 (CH2), 25.8 (CH2).
1004 3,3,6,6-Tetramethyl-9-(4-((tetrahydro-2H-pyran-2-yl)methoxy)-
1005 phenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6i). 9-
1006 (4-Hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xan-
1007 thene-1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 2-
1008 (bromomethyl)tetrahydro-2H-pyran (105 μL, 819 μmol, 3.0 equiv),
1009 and Cs2CO3 (267 mg, 819 μmol, 3.0 equiv) in DMF (4 mL) were
1010 reacted as per general procedure B for 4 days, with the reaction vessel
1011 heated to 40 °C for the final 5 h. The desired product was isolated via
1012 FCC (toluene/EtOAc 8:1), resulting in a yellow solid (44 mg, 35%)
1013 following concentration. LC−MS (m/z): 273.1 [M − C12H15O2]+

1014 and 487.2 [M + Na]+. TLC Rf = 0.29 (toluene/EtOAc, 8:1). HPLC:
1015 tR 6.46 min, >95% purity (254 nm). HRMS: calcd for C29H36NaO5

+

1016 [M + Na]+ 487.2455, found 487.2468. 1H NMR (CDCl3) δ 7.20−
1017 7.14 (m, 2H), 6.81−6.69 (m, 2H), 4.68 (s, 1H), 4.02 (ddt, J = 11.4,
1018 3.8, 1.6 Hz, 1H), 3.90 (dd, J = 9.8, 6.1 Hz, 1H), 3.79 (dd, J = 9.8, 4.4
1019 Hz, 1H), 3.65 (dddd, J = 10.7, 6.3, 4,4, 2.2 Hz, 1H), 3.48 (td, J = 11.6,
1020 2.4 Hz, 1H), 2.44 (br s, 4H), 2.22 (d, J = 16.3 Hz, 2H), 2.15 (d, J =
1021 16.3 Hz, 2H), 1.91−1.82 (m, 1H), 1.73−1.46 (m, 4H), 1.44−1.29
1022 (m, 1H), 1.09 (s, 6H), 0.98 (s, 6H). 13C NMR (CDCl3) δ 196.4 (C),
1023 162.0 (C), 157.2 (C), 136.5 (C), 129.2 (CH), 115.8 (C), 114.1
1024 (CH), 75.9 (CH), 71.2 (CH2), 68.5 (CH2), 50.7 (CH2), 40.8 (CH2),
1025 32.2 (C), 30.9 (CH), 29.3 (CH3), 28.4 (CH2), 27.2 (CH3), 25.9
1026 (CH2), 23.0 (CH2).
1027 9-(4-((1,3-Dioxolan-2-yl)methoxy)phenyl)-3,3,6,6-tetramethyl-
1028 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6j). 9-(4-Hy-
1029 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1030 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 2-(bromometh-
1031 yl)-1,3-dioxolane (84.0 μL, 819 μmol, 3.0 equiv), and Cs2CO3 (267
1032 mg, 819 μmol, 3.0 equiv) in DMF (4 mL) were reacted as per general
1033 procedure B for 4 days, with the reaction vessel heated to 40 °C for
1034 the final 5 h. The crude mixture was purified via FCC (toluene/
1035 EtOAc 4:1) followed by preparative reverse-phase HPLC to afford the
1036 desired product as a white crystalline solid (30 mg, 24%) following
1037 concentration. LC−MS (m/z): 273.1 [M − C10H11O3]+ and 475.2
1038 [M + Na]+. TLC Rf = 0.62 (PET/EtOAc, 1:1). HPLC: tR 5.99 min,
1039 >95% purity (254 nm). HRMS: calcd for C27H32NaO6

+ [M + Na]+

1040 475.2091, found 475.2104. 1H NMR (CDCl3) δ 7.22−7.15 (m, 2H),
1041 6.83−6.73 (m, 2H), 5.24 (t, J = 4.1 Hz, 1H), 4.69 (s, 1H), 4.08−4.00
1042 (m, 2H), 3.99−3.89 (m, 4H), 2.45 (br s, 4H), 2.23 (d, J = 16.3 Hz,
1043 2H), 2.16 (d, J = 16.3 Hz, 2H), 1.09 (s, 6H), 0.98 (s, 6H). 13C NMR
1044 (CDCl3) δ 196.4 (C), 162.0 (C), 156.9 (C), 136.9 (C), 129.3 (CH),
1045 115.7 (C), 114.1 (CH), 101.9 (CH), 68.6 (CH2), 65.2 (CH2), 50.7
1046 (CH2), 40.8 (CH2), 32.2 (C), 30.9 (CH), 29.3 (CH3), 27.3 (CH3).
1047 3,3,6,6-Tetramethyl-9-(4-(naphthalen-2-ylmethoxy)phenyl)-
1048 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6k). 9-(4-Hy-
1049 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1050 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 2-
1051 (bromomethyl)naphthalene (121 mg, 546 μmol, 2.0 equiv), and
1052 Cs2CO3 (178 mg, 546 μmol, 2.0 equiv) in DMF (4 mL) were reacted
1053 as per general procedure B for 18 h. The desired product was isolated
1054 via FCC (PET/EtOAc 5:1), resulting in off-white solid (109 mg,
1055 79%) following concentration. LC−MS (m/z): 273.1 [M −
1056 C17H13O]+ and 529.3 [M + Na]+. TLC Rf = 0.21 (PET/EtOAc,
1057 5:1). HPLC: tR 7.18 min, >95% purity (254 nm). HRMS: calcd for
1058 C34H34NaO4

+ [M + Na]+ 529.2349, found 529.2358. 1H NMR
1059 (CDCl3) δ 7.88−7.78 (m, 4H), 7.55−7.40 (m, 3H), 7.24−7.17 (m,
1060 2H), 6.91−6.83 (m, 2H), 5.14 (s, 2H), 4.71 (s, 1H), 2.45 (br s, 4H),
1061 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H), 1.10 (s, 6H),
1062 0.99 (s, 6H). 13C NMR (CDCl3) δ 192.4 (C), 162.0 (C), 157.4 (C),
1063 136.8 (C), 134.7 (C), 133.3 (C), 133.0 (C), 129.3 (CH), 128.2
1064 (CH), 127.9 (CH), 127.6 (CH), 126.3 (CH), 126.1 (CH), 125.9
1065 (CH), 125.4 (CH), 115.8 (C), 114.4 (CH), 70.1 (CH2), 50.7 (CH2),
1066 40.8 (CH2), 32.2 (C), 31.0 (CH), 29.2 (CH3), 27.4 (CH3).
1067 3,3,6,6-Tetramethyl-9-(4-(naphthalen-1-ylmethoxy)phenyl)-
1068 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6l). 9-(4-Hy-
1069 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1070 1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 1-
1071 (chloromethyl)naphthalene (96 mg, 546 μmol, 2.0 equiv), and

1072Cs2CO3 (178 mg, 546 μmol, 2.0 equiv) in DMF (4 mL) were reacted
1073as per general procedure B for 18 h. The crude mixture was purified
1074via FCC (cyclohexane/EtOAc 4:1) followed by preparative reverse-
1075phase HPLC to afford the desired product as a light blue solid (20
1076mg, 15%) following concentration. LC−MS (m/z): 273.1 [M −
1077C17H13O]+ and 529.2 [M + Na]+. TLC Rf = 0.70 (PET/EtOAc, 1:1).
1078HPLC: tR 7.18 min, >95% purity (254 nm). HRMS: calcd for
1079C34H34NaO4

+ [M + Na]+ 529.2349, found 529.2355. 1H NMR
1080(CDCl3) δ 8.06−7.97 (m, 1H), 7.90−7.85 (m, 1H), 7.84 (d, J = 8.2
1081Hz, 1H), 7.56 (dd, J = 7.1, 1.2 Hz, 1H), 7.53−7.49 (m, 2H), 7.45 (dd,
1082J = 8.2, 7.0 Hz, 1H), 7.26−7.21 (m, 2H), 6.95−6.86 (m, 2H), 5.40 (s,
10832H), 4.73 (s, 1H), 2.46 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d,
1084J = 16.3 Hz, 2H), 1.11 (s, 6H), 1.01 (s, 6H). 13C NMR (CDCl3) δ
1085196.5 (C), 162.0 (C), 157.4 (C), 136.9 (C), 133.7 (C), 132.5 (C),
1086131.6 (C), 129.4 (CH), 128.9 (CH), 128.6 (CH), 126.7 (CH), 126.4
1087(CH), 125.8 (CH), 125.3 (CH), 123.9 (CH), 115.7 (C), 114.4
1088(CH), 68.5 (CH2), 50.8 (CH2), 40.9 (CH2), 32.2 (C), 31.0 (CH),
108929.2 (CH3), 27.4 (CH3).
10903,3,6,6-Tetramethyl-9-(4-((1-methyl-1H-indazol-6-yl)methoxy)-
1091phenyl)-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (6m). 9-
1092(4-Hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xan-
1093thene-1,8(2H)-dione (5c) (100 mg, 273 μmol, 1.0 equiv), 6-
1094(bromomethyl)-1-methyl-1H-indazole hydrobromide (167 mg, 546
1095μmol, 2.0 equiv), and Cs2CO3 (178 mg, 546 μmol, 2.0 equiv) in DMF
1096(4 mL) were reacted as per general procedure B for 18 h. The desired
1097product was isolated via FCC (PET/EtOAc 2:1), resulting in a light-
1098yellow solid (105 mg, 75%) following concentration. LC−MS (m/z):
1099273.1 [M − C15H13N2O]+, 511.3 [M + H]+, 533.3 [M + Na]+, and
1100783.4 [2M − C15H13N2O]+. TLC Rf = 0.24 (PET/EtOAc, 2:1).
1101HPLC: tR 6.54 min, >95% purity (254 nm). HRMS: calcd for
1102C32H34N2O4

+ [M + H]+ 511.2591, found 511.2600. 1H NMR
1103(CDCl3) δ 7.95 (d, J = 1.0 Hz, 1H), 7.70 (dd, J = 8.3, 0.8 Hz, 1H),
11047.45 (d, J = 1.1 Hz, 1H), 7.24−7.19 (m, 2H), 7.15 (dd, J = 8.3, 1.3
1105Hz, 1H), 6.90−6.83 (m, 2H), 5.13 (s, 2H), 4.71 (s, 1H), 4.07 (s, 3H),
11062.45 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H),
11071.10 (s, 6H), 0.99 (s, 6H). 13C NMR (CDCl3) δ 196.5 (C), 162.1
1108(C), 157.2 (C), 140.0 (C), 136.9 (C), 135.7 (C), 132.6 (CH), 129.4
1109(CH), 123.6 (C), 121.2 (CH), 120.2 (CH), 115.7 (C), 114.4 (CH),
1110107.6 (CH), 70.2 (CH2), 50.7 (CH2), 40.8 (CH2), 35.6 (CH3), 32.2
1111(C), 31.0 (CH), 29.2 (CH3), 27.3 (CH3).
11123,3,6,6-Tetramethyl-9-(5-((2-methylbenzyl)oxy)pyridin-2-yl)-
11133,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (7a). 9-(5-Hy-
1114droxypyridin-2-yl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xan-
1115thene-1,8(2H)-dione (5f) (110 mg, 299 μmol, 1.0 equiv), 1-
1116(chloromethyl)-2-methylbenzene (77.0 μL, 599 mmol, 2.0 equiv),
1117and Cs2CO3 (195 mg, 599 μmol, 2.0 equiv) in DMF (4 mL) were
1118reacted as per general procedure B for 66 h. The desired product was
1119isolated via FCC (PET/EtOAc 2:1), resulting in a white crystalline
1120solid (110 mg, 78%) following concentration. LC−MS (m/z): 472.3
1121[M + H]+, 494.2 [M + Na]+, 965.4 [2M + Na]+. TLC Rf = 0.35
1122(PET/EtOAc, 2:1). HPLC: tR 5.40 min, >95% purity (254 nm).
1123HRMS: calcd for C30H33NO4

+ [M + H]+ 472.2482, found 472.2482.
1124

1H NMR (CDCl3) δ 8.15 (d, J = 2.9 Hz, 1H), 7.55 (d, J = 8.5 Hz,
11251H), 7.35 (d, J = 7.2 Hz, 1H), 7.25−7.15 (m, 4H), 4.97 (s, 2H), 4.83
1126(s, 1H), 2.52 (d, J = 17.6 Hz, 2H), 2.45 (d, J = 17.5 Hz, 2H), 2.34 (s,
11273H), 2.24 (d, J = 16.2 Hz, 2H), 2.16 (d, J = 17.2 Hz, 2H), 1.10 (s,
11286H), 1.01 (s, 6H). 13C NMR (CDCl3) δ 197.5 (C), 163.6 (C), 154.7
1129(C), 153.8 (C), 137.7 (CH), 137.3 (C), 134.7 (C), 130.9 (CH),
1130129.2 (CH), 128.9 (CH), 126.5 (CH), 125.4 (CH), 121.4 (CH),
1131114.9 (C), 69.3 (CH2), 51.2 (CH2), 41.3 (CH2), 33.9 (C), 32.7
1132(CH), 29.7 (CH3), 27.6 (CH3), 19.3 (CH3).
11339-(3-Chloro-4-((2-methylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
11343,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (7b). 9-(3-
1135Chloro-4-hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-
11361H-xanthene-1,8(2H)-dione (5g) (110 mg, 274 μmol, 1.0 equiv), 1-
1137(chloromethyl)-2-methylbenzene (71.0 μL, 549 μmol, 2.0 equiv), and
1138Cs2CO3 (179 mg, 549 μmol, 2.0 equiv) in DMF (4 mL) were reacted
1139as per general procedure B for 18 h. The desired product was isolated
1140via FCC (PET/EtOAc 3:1), resulting in a white solid (89 mg, 64%)
1141following concentration. LC−MS (m/z): 273.1 [M − C14H12ClO]+.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01061
J. Med. Chem. XXXX, XXX, XXX−XXX

N

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01061?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


1142 TLC Rf = 0.26 (PET/EtOAc, 3:1). HPLC: tR 6.85 min, >95% purity
1143 (254 nm). HRMS: calcd for C31H33

35ClNaO4
+ [M + Na]+ 527.1974,

1144 found 527.1960. 1H NMR (CDCl3) δ 7.43 (dd, J = 2.3, 6.9 Hz, 1H),
1145 7.28−7.16 (m, 5H), 6.88 (d, J = 8.5 Hz, 1H), 5.02 (s, 2H), 4.68 (s,
1146 1H), 2.47 (br s, 4H), 2.36 (s, 3H), 2.24 (d, J = 16.3 Hz, 2H), 2.19 (d,
1147 J = 16.3 Hz, 2H), 1.10 (s, 6H), 1.02 (s, 6H). 13C NMR (CDCl3) δ
1148 196.4 (C), 162.3 (C), 152.8 (C), 137.8 (C), 136.5 (C), 134.5 (C),
1149 130.2 (CH), 129.5 (CH), 128.3 (CH), 128.2 (CH), 128.1 (CH),
1150 125.9 (CH), 122.7 (C), 115.2 (C), 113.2 (CH), 69.4 (CH2), 50.7
1151 (CH2), 40.8 (CH2), 32.2 (C), 30.9 (CH), 29.2 (CH3), 27.4 (CH3),
1152 18.9 (CH3).
1153 9-(3-Fluoro-4-((2-methylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1154 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (7c). 9-(3-Fluo-
1155 ro-4-hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-
1156 xanthene-1,8(2H)-dione (5 h) (110 mg, 0.286 mmol, 1.0 equiv) and
1157 1-(chloromethyl)-2-methylbenzene (74.0 μL, 599 μmol, 2.0 equiv) in
1158 DMF (4 mL) were reacted as per general procedure B for 18 h. The
1159 desired product was isolated via FCC (PET/EtOAc 4:1), resulting in
1160 a white solid (94 mg, 67%) following concentration. LC−MS (m/z):
1161 273.1 [M − C14H12FO]+. TLC Rf = 0.3 (PET/EtOAc, 4:1). HPLC: tR
1162 6.68 min, >95% purity (254 nm). HRMS: calcd for C31H33FNaO4

+

1163 [M + Na]+ 511.2266, found 511.2255. 1H NMR (CDCl3) δ 7.44−
1164 7.37 (m, 1H), 7.27−7.18 (m, 3H), 7.15−7.06 (m, 1H), 7.00−6.89
1165 (m, 2H), 5.04 (s, 2H), 4.72 (s, 1H), 2.46 (br s, 4H), 2.38 (s, 3H),
1166 2.25 (d, J = 16.3 Hz, 2H), 2.19 (d, J = 16.3 Hz, 2H), 1.13 (s, 6H),
1167 1.03 (s, 6H). 13C NMR (CDCl3) δ 196.4 (C), 162.3 (C), 152.6 (d,
1168 JCF = 245.6 Hz, C), 145.3 (d, JCF = 10.9 Hz, C), 137.8 (d, JCF = 5.3
1169 Hz, C), 136.7 (C), 134.5 (C), 130.3 (CH), 128.7 (CH), 128.2 (CH),
1170 125.9 (CH), 124.4 (d, JCF = 3.3 Hz, C), 115.7 (d, JCF = 18.7 Hz, CH),
1171 115.3 (C), 114.9 (C), 69.9 (CH2), 50.7 (CH2), 40.8 (CH2), 32.2 (C),
1172 31.0 (CH), 29.2 (CH3), 27.4 (CH3), 18.9 (CH3). 19F NMR (CDCl3)
1173 δ − 134.20.
1174 9-(4-(Pyrimidin-5-yl)phenyl)-3,4,5,6,7,9-hexahydro-1H-xan-
1175 thene-1,8(2H)-dione (8a). To a solution of 9-(4-bromophenyl)-
1176 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (5d) (500 mg,
1177 1.34 mmol, 1.0 equiv) and pyrimidine-5-boronic acid (498 mg, 4.02
1178 mmol, 3.0 equiv) in degassed THF/1 M Na2CO3(aq) (3:1, 20 mL) was
1179 added PdCl2(PPh3)2 (188 mg, 268 μmol, 0.2 equiv). The reaction
1180 mixture was stirred at reflux overnight; thereafter, LC−MS analysis
1181 showed complete consumption of the starting material. The THF was
1182 evaporated in vacuo, and the resultant mixture was partitioned
1183 between EtOAc (40 mL) and water (40 mL). The organic phase was
1184 separated and further washed with water (2 × 40 mL) followed by
1185 brine (40 mL), dried over MgSO4, gravity filtered, and then
1186 concentrated in vacuo. The residue was purified via FCC (MeOH/
1187 DCM 2:98). The desired eluates were concentrated in vacuo to yield a
1188 white solid that was recrystallized from MeOH to afford the desired
1189 product as a white crystalline solid (136 mg, 27%). LC−MS (m/z):
1190 373.2 [M + H]+. TLC Rf = 0.25 (MeOH/DCM, 2:98). HPLC: tR
1191 4.87 min, >95% purity (254 nm). HRMS: calcd. for C23H20N2O3

+ [M
1192 + H]+ 373.1547, found 373.1556. 1H NMR (CDCl3) δ 9.16 (s, 1H),
1193 8.88 (s, 2H), 7.52−7.38 (m, 4H), 4.86 (s, 1H), 2.77−2.52 (m, 4H),
1194 2.45−2.28 (m, 4H), 2.14−1.91 (m, 4H). 13C NMR (CDCl3) δ 196.7
1195 (C), 164.3 (C), 157.3 (CH), 154.9 (CH), 145.7 (C), 134.4 (C),
1196 132.4 (C), 129.7 (CH), 126.9 (CH), 116.6 (C), 37.1 (CH2), 31.9
1197 (CH), 27.3 (CH2), 20.4 (CH2).
1198 3,3,6,6-Tetramethyl-9-(4-(pyrimidin-5-yl)phenyl)-3,4,5,6,7,9-hex-
1199 ahydro-1H-xanthene-1,8(2H)-dione (8b). To a solution of 9-(4-
1200 bromophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xan-
1201 thene-1,8(2H)-dione (5e) (200 mg, 465 μmol, 1.0 equiv) and
1202 pyrimidine-5-boronic acid (173 mg, 1.40 mmol, 3.0 equiv) in
1203 degassed THF/1 M Na2CO3(aq) (3:1, 8 mL) was added PdCl2(PPh3)2
1204 (65 mg, 93 μmol, 0.2 equiv). The reaction mixture was stirred at
1205 reflux overnight; thereafter, LC−MS analysis showed conversion of
1206 the starting material to a single product. The THF within the mixture
1207 was evaporated in vacuo. The resultant mixture was partitioned
1208 between EtOAc (40 mL) and water (40 mL), and the phases were
1209 separated. The organic phase was further washed with water (2 × 40
1210 mL) followed by brine (40 mL), dried over MgSO4, gravity filtered,
1211 and then concentrated in vacuo before purification via FCC (PET/

1212EtOAc 1:1), whereby the eluates were reduced in vacuo to afford the
1213desired product as a white crystalline solid (43 mg, 22%). LC−MS
1214(m/z): 429.2 [M + H]+. TLC Rf = 0.32 (PET/EtOAc, 1:1). HPLC: tR
12155.91 min, >95% purity (254 nm). HRMS: calcd for C27H28N2O3

+ [M
1216+ H]+ 429.2173, found 429.2185. 1H NMR (CDCl3) δ 9.15 (s, 1H),
12178.89 (s, 2H), 7.53−7.39 (m, 4H), 4.80 (s, 1H), 2.49 (br s, 4H), 2.26
1218(d, J = 16.3 Hz, 2H), 2.19 (d, J = 16.3 Hz, 2H), 1.12 (s, 6H), 1.01 (s,
12196H). 13C NMR (CDCl3) δ 196.5 (C), 162.6 (C), 157.2 (CH), 154.8
1220(CH), 145.3 (C), 134.3 (C), 132.2 (C), 129.6 (CH), 126.8 (CH),
1221115.2 (CH2), 50.7 (C), 40.9 (CH2), 32.2 (CH2), 31.9 (CH), 29.3
1222(CH3), 27.4 (CH3).
12232-Methyl-N-(4-(3,3,6,6-tetramethyl-1,8-dioxo-2,3,4,5,6,7,8,9-oc-
1224tahydro-1H-xanthen-9-yl)phenyl)benzamide (9a). To a solution of
12252-methylbenzoic acid (30 mg, 220 μmol, 1.0 equiv) in DCM (2 mL)
1226were added DMF (1 drop) and oxalyl chloride (25.0 μL, 286 μmol,
12271.3 equiv). The solution was stirred at room temperature for 1 h
1228before TLC analysis (PET/EtOAc, 1:1) showed complete conversion
1229of the starting material. The solution was reduced in vacuo to afford 2-
1230methylbenzoyl chloride as a yellow oil, which was subsequently used
1231without further purification. To a solution of the crude 2-
1232methylbenzoyl chloride (29.0 μL, 226 μmol, 1.1 equiv) in anhydrous
1233THF (9 mL) was added 9-(4-aminophenyl)-3,3,6,6-tetramethyl-
12343,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (5j) (75 mg, 205
1235μmol, 1.0 equiv). The solution was stirred under reflux for 3 h before
1236being cooled to rt and left to stir overnight. The reaction mixture was
1237reduced in vacuo to afford an oily residue that was partitioned
1238between EtOAc (40 mL) and water (40 mL), and the phases were
1239separated. The organic phase was further washed with water (2 × 40
1240mL) followed by brine (40 mL), dried over MgSO4, gravity filtered,
1241and then concentrated in vacuo. The residue was purified via FCC
1242(PET/EtOAc 3:2), whereby the desired eluates were reduced in vacuo
1243to afford the desired product as a thick brown oil (23 mg, 23%). LC−
1244MS (m/z): 273.1 [M − C14H12NO]+, 482.2 [M − H]−, 506.2 [M +
1245Na]+, and 967.4 [2M + H]+. TLC Rf = 0.23 (PET/EtOAc, 3:2).
1246HPLC: tR 6.18 min, >95% purity (254 nm). HRMS: calcd for
1247C31H33NaNO4

+ [M + Na]+ 506.2302, found 506.2315. 1H NMR
1248(CDCl3) δ 7.67 (s, 1H), 7.11−7.00 (m, 2H), 6.59−6.47 (m, 2H),
12494.63 (s, 1H), 3.51 (s, 2H), 2.44 (br s, 7H), 2.22 (d, J = 16.3 Hz, 2H),
12502.15 (d, J = 16.3 Hz, 2H), 1.09 (s, 6H), 0.99 (s, 6H). 13C NMR
1251(CDCl3) δ 196.6 (C), 167.9 (C), 162.3 (C), 140.4 (C), 136.7 (C),
1252136.4 (C), 136.3 (C), 131.2 (CH), 130.1 (CH), 129.1 (CH), 126.7
1253(CH), 125.9 (CH), 119.5 (CH), 115.5 (C), 50.7 (C), 40.9 (CH2),
125432.2 (CH2), 31.5 (CH), 29.2 (CH3), 27.5 (CH3), 19.8 (CH3).
12552-Methyl-N-(4-(3,3,6,6-tetramethyl-1,8-dioxo-2,3,4,5,6,7,8,9-oc-
1256tahydro-1H-xanthen-9-yl)phenyl)benzenesulfonamide (9b). To an
1257oven-dried 10 mL microwave vial were added 9-(4-aminophenyl)-
12583,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione
1259(5j) (75 mg, 205 μmol, 1.0 equiv) and 2-methylbenzenesulfonyl
1260chloride (59.0 μL, 410 μmol, 2.0 equiv) in anhydrous THF (5 mL).
1261The reaction was left to stir at reflux for 21 h, after which TLC
1262analysis (PET/EtOAc, 1:1) showed complete consumption of the
1263starting material. The reaction mixture was reduced in vacuo to afford
1264an oily residue, which was partitioned between EtOAc (40 mL) and
1265water (40 mL), and the phases were separated. The organic phase was
1266further washed with water (2 × 40 mL) followed by brine (40 mL),
1267dried over MgSO4, gravity filtered, and then concentrated in vacuo
1268before purification via FCC (MeOH/DCM 5:95), whereby the
1269desired eluates were reduced in vacuo to afford the desired product as
1270a light-yellow solid (56 mg, 53%). LC−MS (m/z): 273.1 [M −
1271C13H12NO2S]+ and 542.2 [M + Na]+. TLC Rf = 0.33 (MeOH/DCM,
12725:95). HPLC: tR 6.23 min, >95% purity (254 nm). HRMS: calcd for
1273C30H33NaNO5S+ [M + Na]+ 542.1972, found 542.1982. 1H NMR
1274(CDCl3) δ 7.88 (dd, J = 7.9, 1.4 Hz, 1H), 7.39 (td, J = 7.5, 1.4 Hz,
12751H), 7.25−7.17 (m, 2H), 7.14−7.09 (m, 2H), 6.88−6.79 (m, 2H),
12766.68 (s, 1H), 4.65 (s, 1H), 2.53 (s, 3H), 2.43 (br s, 4H), 2.22 (d, J =
127716.3 Hz, 2H), 2.15 (d, J = 16.3 Hz, 2H), 1.09 (s, 6H), 0.94 (s, 6H).
1278

13C NMR (CDCl3) δ 196.4 (C), 162.4 (C), 141.1 (C), 137.5 (C),
1279137.2 (C), 134.4 (C), 132.9 (CH), 132.5 (CH), 129.8 (CH), 129.2
1280(CH), 126.1 (CH), 120.7 (CH), 115.3 (C), 50.6 (CH2), 40.8 (CH2),
128132.2 (C), 31.1 (CH), 29.2 (CH3), 27.2 (CH3), 20.3 (CH3).
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1282 9-(4-((2-Methylbenzyl)oxy)phenyl)-3,4,5,6,7,9-hexahydro-1H-
1283 xanthene-1,8(2H)-dione (10a). 9-(4-Hydroxyphenyl)-3,4,5,6,7,9-hex-
1284 ahydro-1H-xanthene-1,8(2H)-dione (5a) (75 mg, 241 μmol, 1.0
1285 equiv), 1-(chloromethyl)-2-methylbenzene (64.0 μL, 483 μmol, 2.0
1286 equiv), and Cs2CO3 (157 mg, 483 μmol, 2.0 equiv) in DMF (3 mL)
1287 were reacted as per general procedure B for 18 h. The desired product
1288 was isolated via FCC (PET/EtOAc 2:1), resulting in a white solid (58
1289 mg, 58%) following concentration. LC−MS (m/z): 217.1 [M −
1290 C14H13O]+ and 437.2 [M + Na]+. TLC Rf = 0.24 (PET/EtOAc, 2:1).
1291 HPLC: tR 6.23 min, >95% purity (254 nm). HRMS: calcd for
1292 C27H26NaO4

+ [M + Na]+ 437.1723, found 437.1738. 1H NMR
1293 (CDCl3) δ 7.36 (dd, J = 7.7, 1.8 Hz, 1H), 7.27−7.15 (m, 5H), 6.89−
1294 6.81 (m, 2H), 4.95 (s, 2H), 4.77 (s, 1H), 2.72−2.48 (m, 4H), 2.44−
1295 2.25 (m, 4H), 2.34 (s, 3H), 2.10−1.91 (m, 4H). 13C NMR (CDCl3) δ
1296 196.8 (C), 163.9 (C), 157.6 (C), 137.1 (C), 136.9 (C), 135.1 (C),
1297 130.5 (CH), 129.5 (CH), 128.9 (CH), 128.3 (CH), 126.1 (CH),
1298 117.1 (C), 114.4 (CH), 68.6 (CH2), 37.1 (CH2), 30.9 (CH), 27.3
1299 (CH2), 20.4 (CH2), 19.0 (CH3).
1300 3,6-Dimethyl-9-(4-((2-methylbenzyl)oxy)phenyl)-3,4,5,6,7,9-hex-
1301 ahydro-1H-xanthene-1,8(2H)-dione (10b). 9-(4-Hydroxyphenyl)-
1302 3,6-dimethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (5b)
1303 (100 mg, 296 mmol, 1.0 equiv), 1-(chloromethyl)-2-methylbenzene
1304 (78.0 μL, 591 μmol, 2.0 equiv), and Cs2CO3 (193 mg, 591 μmol, 2.0
1305 equiv) in DMF (4 mL) were reacted as per general procedure B for
1306 18 h. The desired product was isolated via FCC (PET/EtOAc 4:1),
1307 resulting in a white crystalline solid (41 mg, 31%) following
1308 concentration. LC−MS (m/z): 245.1 [M − C14H13O]+ and 465.2
1309 [M + Na]+. TLC Rf = 0.23 (PET/EtOAc, 4:1). HPLC: tR 6.69 min,
1310 >95% purity (254 nm). HRMS: calcd for C29H30O4 [M + Na]+

1311 465.2036, found 465.2044. 1H NMR (CDCl3) δ 7.40−7.33 (m, 1H),
1312 7.24−7.16 (m, 5H), 6.87−6.79 (m, 2H), 4.94 (s, 2H), 4.76−4.70 (m,
1313 1H), 2.70−2.53 (m, 2H), 2.48−2.36 (m, 3H), 2.31−2.15 (m, 3H),
1314 2.12−1.96 (m, 2H), 1.14−1.01 (m, 6H). 13C NMR (CDCl3) δ 196.6
1315 (C), 163.5 (C), 157.4 (C), 136.9 (C), 136.8 (C), 134.9 (C), 130.3
1316 (CH), 129.3 (CH), 128.8 (CH), 128.2 (CH), 126.0 (CH), 116.7
1317 (C), 114.2 (CH), 68.5 (CH2), 45.3 (CH2), 35.3 (CH2), 30.9 (CH),
1318 29.7 (C), 27.9 (CH), 20.8 (CH3), 18.9 (CH3).
1319 9-(4-(Cyclohexylmethoxy)phenyl)-3,6-dimethyl-3,4,5,6,7,9-hexa-
1320 hydro-1H-xanthene-1,8(2H)-dione (10c). 9-(4-Hydroxyphenyl)-3,6-
1321 dimethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (5b)
1322 (100 mg, 296 μmol, 1.0 equiv), (bromomethyl)cyclohexane (105
1323 mg, 591 μmol, 2.0 equiv), and Cs2CO3 (193 mg, 591 μmol, 2.0 equiv)
1324 in DMF (4 mL) were reacted as per general procedure B for 20 h.
1325 The desired product was isolated via FCC (PET/EtOAc 5:1),
1326 resulting in an off-white solid (92 mg, 72%) following concentration.
1327 LC−MS (m/z): 245.1 [M − C13H17O]+, 457.3 [M + Na]+, and 891.4
1328 [2M + Na]+. TLC Rf = 0.26 (PET/EtOAc, 5:1). HPLC: tR 7.19 min,
1329 >95% purity (254 nm). HRMS: calcd for C28H34NaO4

+ [M + Na]+

1330 457.2349, found 457.2361. 1H NMR (CDCl3) δ 7.22−7.15 (m, 2H),
1331 6.78−6.70 (m, 2H), 4.80−4.61 (m, 1H), 3.68 (d, J = 6.3 Hz, 2H),
1332 2.72−2.55 (m, 2H), 2.52−2.37 (m, 3H), 2.37−2.15 (m, 3H), 2.13−
1333 1.95 (m, 2H), 1.90−1.80 (m, 2H), 1.79−1.66 (m, 4H), 1.39−1.13
1334 (m, 5H), 1.13−1.05 (m, 6H), 1.05−0.95 (m, 2H). 13C NMR
1335 (CDCl3) δ 196.5 (C), 163.4 (C), 157.7 (C), 136.3 (C), 129.2 (CH),
1336 116.6 (C), 113.9 (CH), 73.3 (CH2), 45.2 (CH2), 37.6 (CH), 35.3
1337 (CH2), 30.9 (CH), 29.9 (CH2), 28.5 (CH), 27.8 (CH), 26.5 (CH2),
1338 25.8 (CH2), 20.8 (CH3).
1339 9-(4-((2-Bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1340 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2). 9-(4-Hy-
1341 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1342 1,8(2H)-dione (5c) (400 mg, 1.09 mmol, 1.0 equiv), 1-bromo-2-
1343 (bromomethyl)benzene (546 mg, 2.18 mmol, 2.0 equiv), and Cs2CO3
1344 (711 mg, 2.18 mmol, 2.0 equiv) in DMF (16 mL) were reacted as per
1345 general procedure B for 20 h. The desired product was isolated via
1346 FCC (PET/EtOAc 5:1), resulting in a white solid (486 mg, 83%)
1347 following concentration. LC−MS (m/z): 273.1 [M − C13H10

79BrO]+

1348 and 557.2 [M + Na]+. TLC Rf = 0.22 (PET/EtOAc, 5:1). HPLC: tR
1349 7.10 min, >95% purity (254 nm). HRMS: calcd for C30H31

79BrNaO4
1350 [M + Na]+ 557.1298, found 557.1308. 1H NMR (CDCl3) δ 7.58 (dd,
1351 J = 8.0, 1.2 Hz, 1H), 7.54 (dd, J = 7.7, 1.6 Hz, 1H), 7.33 (td, J = 7.5,

13521.2 Hz, 1H), 7.27−7.21 (m, 2H), 7.18 (td, J = 7.7, 1.8 Hz, 1H), 6.90−
13536.83 (m, 2H), 5.07 (s, 2H), 4.73 (s, 1H), 2.45 (br s, 4H), 2.23 (d, J =
135416.3 Hz, 2H), 2.17 (d, J = 16.3 Hz, 2H), 1.12 (s, 6H), 1.02 (s, 6H).
1355

13C NMR (CDCl3) δ 196.5 (C), 162.1 (C), 156.9 (C), 137.0 (C),
1356136.5 (C), 132.5 (CH), 129.4 (CH), 129.0 (CH), 128.9 (CH), 127.5
1357(CH), 122.2 (C), 115.7 (C), 114.4 (CH), 69.3 (CH2), 50.7 (CH2),
135840.8 (CH2), 32.2 (C), 31.0 (CH), 29.2 (CH3), 27.4 (CH3).
13599-(4-((2-Ethylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
1360hexahydro-1H-xanthene-1,8(2H)-dione (11a). Method A: To a
1361solution of 9-(4-((2-bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
13623,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2) (100 mg, 187
1363μmol, 1.0 equiv), ethylboronic acid (18 mg, 0.243 mmol, 1.3 equiv),
1364K3PO4 (139 mg, 654 μmol, 3.5 equiv), and tricyclohexylphosphine
1365(5.2 mg, 18.7 μmol, 0.1 equiv) in toluene (2 mL) and water (100 μL)
1366under a nitrogen atmosphere was added Pd(OAc)2 (2.1 mg, 9.34
1367μmol, 0.05 equiv). The mixture was heated to 100 °C for 3 h and then
1368cooled to room temperature. The crude mixture was partitioned
1369between water (40 mL) and EtOAc (40 mL), and the phases were
1370separated. The organic phase was further washed with water (2 × 40
1371mL) followed by brine (40 mL), dried over MgSO4, gravity filtered,
1372and then concentrated in vacuo. The residue was purified via FCC
1373(PET/EtOAc 3:1). The desired eluates were concentrated in vacuo to
1374afford the product as an off-white solid (12 mg, 13%).
1375Method B: A three-neck round-bottom flask was charged with 9-
1376(4-((2-ethynylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hex-
1377ahydro-1H-xanthene-1,8(2H)-dione (15) (125 mg, 260 μmol, 1.0
1378equiv) and Pd/C (10 mg) in EtOAc (10 mL). The mixture was left to
1379stir under constant H2 pressure for 1.5 h after which the starting
1380material was fully consumed. The reaction mixture was filtered
1381through a pad of Celite that was washed with EtOAc. The filtrate was
1382concentrated in vacuo to afford the desired product as an off-white
1383solid (120 mg, 95%).
1384LC−MS (m/z): 273.1 [M − C15H14O]+ and 507.3 [M + Na]+.
1385TLC Rf = 0.34 (PET/EtOAc, 3:1). HPLC: tR 7.10 min, >95% purity
1386(254 nm). HRMS: calcd for C32H36NaO4

+ [M + Na]+ 507.2506,
1387found 507.2517. 1H NMR (CDCl3) δ 7.30 (dd, J = 7.6, 1.4 Hz, 1H),
13887.21 (td, J = 7.3, 1.5 Hz, 1H), 7.18−7.09 (m, 4H), 6.81−6.75 (m,
13892H), 4.89 (s, 2H), 4.64 (s, 1H), 2.62 (q, J = 7.6 Hz, 2H), 2.46 (br s,
13904H), 2.24 (d, J = 16.3 Hz, 2H), 2.18 (d, J = 16.3 Hz, 2H), 1.16 (t, J =
13917.6 Hz, 3H), 1.03 (s, 6H), 0.93 (s, 6H). 13C NMR (CDCl3) δ 196.5
1392(C), 162.0 (C), 157.4 (C), 142.8 (C), 136.7 (C), 134.3 (C), 129.3
1393(CH), 129.2 (CH), 128.6 (CH), 128.4 (CH), 125.9 (CH), 115.8
1394(C), 114.2 (CH), 68.1 (CH2), 50.8 (CH2), 40.9 (CH2), 32.2 (C),
139531.0 (CH), 29.2 (CH3), 27.4 (CH3), 25.3 (CH2), 15.2 (CH3).
13963,3,6,6-Tetramethyl-9-(4-((2-propylbenzyl)oxy)phenyl)-
13973,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (11b). To a
1398solution of 9-(4-((2-bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
13993,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2) (80 mg, 149
1400μmol, 1.0 equiv), propylboronic acid (17 mg, 194 μmol, 1.3 equiv),
1401K3PO4 (111 mg, 523 μmol, 3.5 equiv), and tricyclohexylphosphine
1402(4.2 mg, 15.0 μmol, 0.1 equiv) in toluene (1.5 mL) and water (70 μL)
1403under a nitrogen atmosphere was added palladium acetate (1.7 mg,
14047.47 μmol, 0.05 equiv). The mixture was heated to 100 °C for 3 h and
1405then cooled to room temperature. The crude mixture was partitioned
1406between water (40 mL) and EtOAc (40 mL), and the phases were
1407separated. The organic phase was further washed with water (2 × 40
1408mL) followed by brine (40 mL), dried over MgSO4, gravity filtered,
1409and then concentrated in vacuo. The residue was purified via FCC
1410(PET/EtOAc 4:1). The desired eluates were concentrated in vacuo to
1411afford the product as an off-white solid (41 mg, 56%). LC−MS (m/
1412z): 273.2 [M − C16H17O]+ and 521.3 [M + Na]+. TLC Rf = 0.28
1413(PET/EtOAc, 4:1). HPLC: tR 7.10 min, >95% purity (254 nm).
1414HRMS: calcd for C33H38NaO4

+ [M + Na]+ 521.2662, found
1415521.2673. 1H NMR (CDCl3) (DMSO-d6) δ 7.39 (dd, J = 7.5, 1.4
1416Hz, 1H), 7.31−7.15 (m, 3H), 7.12−7.04 (m, 2H), 6.93−6.83 (m,
14172H), 5.00 (s, 2H), 4.48 (s, 1H), 2.63−2.57 (m, 2H), 2.56−2.48 (m,
14184H), 2.27 (d, J = 16.2 Hz, 2H), 2.09 (d, J = 16.1 Hz, 2H), 1.57 (h, J =
14197.3 Hz, 2H), 1.04 (s, 6H), 0.91 (s, 6H), 0.88 (t, J = 7.4 Hz, 3H). 13C
1420NMR (CDCl3) (DMSO-d6) δ 196.6 (C), 163.1 (C), 157.2 (C), 141.5
1421(C), 137.1 (C), 134.9 (C), 129.7 (CH), 129.7 (CH), 129.5 (CH),
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1422 128.6 (CH), 126.2 (CH), 115.0 (C), 114.4 (CH), 67.9 (CH2), 50.5
1423 (CH2), 34.2 (CH2), 32.3 (C), 30.7 (CH), 29.1 (CH3), 26.9 (CH3),
1424 24.2 (CH2), 14.4 (CH).
1425 9-(4-((2-Cyclopropylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1426 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (11c). To a
1427 solution of 9-(4-((2-bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1428 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2) (150 mg, 280
1429 μmol, 1.0 equiv), cyclopropylboronic acid (31 mg, 364 μmol, 1.3
1430 equiv), K3PO4 (208 mg, 980 μmol, 3.5 equiv), and tricyclohex-
1431 ylphosphine (7.9 mg, 28.0 μmol, 0.1 equiv) in toluene (2.5 mL) and
1432 water (125 μL) under a nitrogen atmosphere was added Pd(OAc)2
1433 (3.1 mg, 14.0 μmol, 0.05 equiv). The mixture was heated to 100 °C
1434 for 3 h and then cooled to room temperature. The crude mixture was
1435 partitioned between water (40 mL) and EtOAc (40 mL), and the
1436 phases were separated. The organic phase was further washed with
1437 water (2 × 40 mL) followed by brine (40 mL), dried over MgSO4,
1438 gravity filtered, and then concentrated in vacuo to afford the desired
1439 product as a an off-white solid (137 mg, 99%). LC−MS (m/z): 273.2
1440 [M − C16H15O]+ and 519.3 [M + Na]+. TLC Rf = 0.67 (PET/EtOAc,
1441 1:1). HPLC: tR 7.18 min, >95% purity (254 nm). HRMS: calcd for
1442 C33H36NaO4

+ [M + Na]+ 519.2506, found 519.2516. 1H NMR
1443 (CDCl3) δ 7.39 (dd, J = 7.4, 1.6 Hz, 1H), 7.24−7.13 (m, 4H), 7.03
1444 (dt, J = 7.5, 1.0 Hz, 1H), 6.91−6.83 (m, 2H), 5.14 (s, 2H), 4.71 (s,
1445 1H), 2.46 (br s, 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz,
1446 2H), 1.97 (tt, J = 8.4, 5.4 Hz, 1H), 1.10 (s, 6H), 1.00 (s, 6H), 0.95−
1447 0.88 (m, 2H), 0.71−0.64 (m, 2H). 13C NMR (CDCl3) δ 196.5 (C),
1448 162.0 (C), 157.5 (C), 141.4 (C), 136.6 (C), 136.2 (C), 129.3 (CH),
1449 128.4 (CH), 128.1 (CH), 125.8 (CH), 125.6 (CH), 115.8 (C), 114.3
1450 (CH), 68.0 (CH2), 50.8 (CH2), 40.9 (CH2), 32.2 (C), 31.0 (CH),
1451 29.2 (CH3), 27.4 (CH3), 12.3 (CH), 7.1 (CH2).
1452 3,3,6,6-Tetramethyl-9-(4-((2-(thiophen-2-yl)benzyl)oxy)phenyl)-
1453 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (11d). To a
1454 solution of 9-(4-((2-bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1455 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2) (100 mg, 187
1456 μmol, 1.0 equiv), 2-thiopheneboronic acid (31 mg, 243 μmol, 1.3
1457 equiv), K3PO4 (139 mg, 654 μmol, 3.5 equiv), and tricyclohex-
1458 ylphosphine (5.2 mg, 18.7 μmol, 0.1 equiv) in toluene (2 mL) and
1459 water (100 μL) under a nitrogen atmosphere was added Pd(OAc)2
1460 (2.1 mg, 9.34 μmol, 0.05 equiv). The mixture was heated to 100 °C
1461 for 1 h and then cooled to room temperature. The crude mixture was
1462 partitioned between water (40 mL) and EtOAc (40 mL), and the
1463 phases were separated. The organic phase was further washed with
1464 water (2 × 40 mL) followed by brine (40 mL), dried over MgSO4,
1465 gravity filtered, and then concentrated in vacuo. The residue was
1466 purified via preparative reverse-phase HPLC to afford the desired
1467 product as a yellow solid (8 mg, 8%). LC−MS (m/z): 273.2 [M −
1468 C16H11SO]+, 561.2 [M + Na]+. TLC Rf = 0.32 (PET/EtOAc, 4:1).
1469 HPLC tR: 7.00 min, >95% purity (254 nm). HRMS: calcd for
1470 C34H34SO4 [M + Na]+ 561.2089, found 561.2070. 1H NMR (CDCl3)
1471 δ 7.60−7.54 (m, 1H), 7.50−7.46 (m, 1H), 7.40−7.31 (m, 3H), 7.22−
1472 7.15 (m, 2H), 7.11 (dd, J = 1.2, 3.6 Hz, 1H), 7.05 (dd, J = 3.5, 5.1 Hz,
1473 1H), 6.81−6.75 (m, 2H), 4.98 (s, 2H), 4.70 (s, 1H), 2.45 (br s, 4H),
1474 2.24 (d, J = 16.3 Hz, 2H), 2.18 (d, J = 16.3 Hz, 2H), 1.10 (s, 6H),
1475 1.00 (s, 6H). 13C NMR (CDCl3) δ 196.6 (C), 162.1 (C), 156.9 (C),
1476 136.7 (C), 134.6 (C), 134.2 (C), 130.7 (CH), 129.9 (CH), 129.3
1477 (CH), 128.2 (CH), 128.1 (CH), 127.5 (CH), 127.1 (CH), 125.8
1478 (CH), 115.7 (C), 114.4 (CH), 68.2 (CH2), 50.7 (CH2), 40.8 (CH2),
1479 32.2 (C), 30.9 (CH), 29.2 (CH3), 27.4 (CH3).
1480 3,3,6,6-Tetramethyl-9-(4-((2-(thiophen-3-yl)benzyl)oxy)phenyl)-
1481 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (11e). To a
1482 solution of 9-(4-((2-bromobenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1483 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (2) (100 mg, 187
1484 μmol, 1.0 equiv), 3-thiopheneboronic acid (31 mg, 243 μmol, 1.3
1485 equiv), K3PO4 (139 mg, 654 μmol, 3.5 equiv), and tricyclohex-
1486 ylphosphine (5.2 mg, 18.7 μmol, 0.1 equiv) in toluene (2 mL) and
1487 water (100 μL) under a nitrogen atmosphere was added Pd(OAc)2
1488 (2.1 mg, 9.34 μmol, 0.05 equiv). The mixture was heated to 100 °C
1489 for 1 h and then cooled to room temperature. The crude mixture was
1490 partitioned between water (40 mL) and EtOAc (40 mL), and the
1491 phases were separated. The organic phase was further washed with

1492water (2 × 40 mL) followed by brine (40 mL), dried over MgSO4,
1493gravity filtered, and then concentrated in vacuo. The residue was
1494purified via FCC (PET/EtOAc 4:1). The desired eluates were
1495concentrated in vacuo to afford the product as a light-yellow solid (84
1496mg, 84%). LC−MS (m/z): 273.2 [M − C16H11SO]+, 561.2 [M +
1497Na]+. TLC Rf = 0.29 (PET/EtOAc, 4:1). HPLC tR: 6.87 min, >95%
1498purity (254 nm). HRMS: calcd for C34H34NaSO4

+ [M + Na]+

1499561.2092, found 561.2070. 1H NMR (CDCl3) δ 7.64−7.51 (m,
15001H), 7.45−7.41 (m, 1H), 7.41−7.35 (m, 3H), 7.33 (dd, J = 3.0, 1.4
1501Hz, 1H), 7.24−7.18 (m, 3H), 6.84−6.76 (m, 2H), 4.92 (s, 2H), 4.73
1502(s, 1H), 2.45 (br s, 4H), 2.24 (d, J = 16.3 Hz, 2H), 2.18 (d, J = 16.3
1503Hz, 2H), 1.13 (s, 6H), 1.03 (s, 6H). 13C NMR (CDCl3) δ 196.5 (C),
1504162.1 (C), 157.0 (C), 140.6 (C), 136.8 (C), 136.7 (C), 134.1 (C),
1505130.1 (CH), 129.9 (CH), 129.3 (CH), 128.9 (CH), 128.2 (CH),
1506127.6 (CH), 125.4 (CH), 123.2 (CH), 115.7 (C), 114.3 (CH), 68.3
1507(CH2), 50.7 (CH2), 40.8 (CH2), 32.2 (C), 30.9 (CH), 29.2 (CH3),
150827.4 (CH3).
15099-(4-((2-Isopropylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
15103,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (11f). 9-(4-Hy-
1511droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
15121,8(2H)-dione (5c) (80 mg, 218 μmol, 1.0 equiv), 1-(bromomethyl)-
15132-isopropylbenzene (72.0 μL, 437 μmol, 2.0 equiv), and Cs2CO3 (142
1514mg, 437 μmol, 2.0 equiv) in DMF (4 mL) were reacted as per general
1515procedure B for 17 h. The desired product was isolated via FCC
1516(PET/EtOAc 5:1), resulting in a white crystalline solid (79 mg, 73%)
1517following concentration. LC−MS (m/z): 273.3 [M − C16H17O]+,
1518521.3 [M + Na]+. TLC Rf = 0.25 (PET/EtOAc, 5:1). HPLC tR: 6.91
1519min, >95% purity (254 nm). HRMS: calcd for C33H38NaO4

+ [M +
1520Na]+ 521.2676, found 521.2662. 1H NMR (CDCl3) δ 7.34 (m, 3H),
15217.25−7.14 (m, 3H), 6.94−6.63 (m, 2H), 4.98 (s, 2H), 4.71 (s, 1H),
15223.15 (h, J = 6.9 Hz, 1H), 2.46 (br s, 4H), 2.24 (d, J = 16.3 Hz, 2H),
15232.18 (d, J = 16.3 Hz, 2H), 1.24 (d, J = 6.8 Hz, 6H), 1.10 (s, 6H), 1.01
1524(s, 6H). 13C NMR (CDCl3) δ 196.6 (C), 162.0 (C), 157.3 (C), 147.9
1525(C), 136.6 (C), 133.4 (C), 129.5 (CH), 129.3 (CH), 128.7 (CH),
1526125.7 (CH), 125.5 (CH), 115.7 (C), 114.2 (CH), 68.2 (CH2), 50.7
1527(CH2), 40.8 (CH2), 32.2 (C), 31.0 (CH), 29.2 (CH3), 28.8 (CH),
152827.4 (CH3), 23.9 (CH3).
1529(2-((Trimethylsilyl)ethynyl)phenyl)methanol (13). To a solution
1530of (2-iodophenyl)methanol (500 mg, 2.14 mmol, 1.0 equiv) in Et3N
1531(5 mL) at 0 °C were added ethynyltrimethylsilane (440 μL, 3.2 mmol,
15321.5 equiv), PdCl2(PPh3)2 (75 mg, 107 μmol, 0.05 equiv), and CuI (41
1533mg, 214 μmol, 0.1 equiv) successively. The mixture was stirred at rt
1534for 5 h, after which TLC analysis (PET/EtOAc, 1:1) showed
1535complete consumption of the starting material. The reaction mixture
1536was filtered through a pad of Celite that was washed with EtOAc. The
1537organic solution was concentrated in vacuo before purification via
1538FCC (PET/EtOAc 4:1). The desired eluates were reduced in vacuo to
1539afford the desired product as a yellow oil (398 mg, 91%). TLC Rf =
15400.30 (PET/EtOAc, 4:1). 1H NMR (CDCl3) δ 7.48−7.45 (m, 1H),
15417.41 (ddd, J = 7.7, 1.4, 0.6 Hz, 1H), 7.33 (td, J = 7.6, 1.4 Hz, 1H),
15427.26−7.21 (m, 1H), 4.82 (d, J = 6.6 Hz, 2H), 2.20 (t, J = 6.6 Hz, 1H),
15430.27 (s, 9H). 13C NMR (CDCl3) δ 143.2 (C), 132.5 (CH), 129.0
1544(CH), 127.4 (CH), 127.2 (CH), 121.2 (C), 102.6 (C), 99.6 (C), 64.1
1545(CH2), 0.0 (CH3).
1546((2-(Bromomethyl)phenyl)ethynyl)trimethylsilane (14). To a
1547solution of (2-((trimethylsilyl)ethynyl)phenyl)methanol (13) (231
1548mg, 1.13 mmol, 1.0 equiv) in chloroform (5 mL) at 0 °C were added
1549Ph3P (385 mg, 1.47 mmol, 1.3 equiv) and NBS (262 mg, 1.47 mmol,
15501.3 equiv) successively. The mixture was stirred at 0 °C for 1.5 h
1551before LC−MS analysis confirmed complete consumption of the
1552starting material. The reaction mixture was partitioned between
1553EtOAc (40 mL) and water (40 mL), and the phases were separated.
1554The organic phase was further washed with water (2 × 40 mL)
1555followed by brine (40 mL), dried over MgSO4, gravity filtered, and
1556then concentrated in vacuo. The residue was purified via FCC (PET/
1557EtOAc 10:1). The desired eluates were concentrated in vacuo to
1558afford the product as a colorless oil (263 mg, 87%). TLC Rf = 0.28
1559(PET/EtOAc, 10:1). 1H NMR (DMSO-d6) δ 7.58−7.52 (m, 1H),
15607.50−7.45 (m, 1H), 7.40 (td, J = 7.6, 1.6 Hz, 1H), 7.34 (td, J = 7.5,
15611.4 Hz, 1H), 4.76 (s, 2H), 0.27 (s, 9H). 13C NMR (DMSO-d6) δ
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1562 139.7 (C), 132.0 (CH), 130.0 (CH), 129.4 (CH), 128.8 (CH), 122.2
1563 (C), 102.1 (C), 100.4 (C), 32.4 (CH2), −0.2 (CH3).
1564 9-(4-((2-Ethynylbenzyl)oxy)phenyl)-3,3,6,6-tetramethyl-
1565 3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (15). 9-(4-Hy-
1566 droxyphenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1567 1,8(2H)-dione (5c) (130 mg, 355 μmol, 1.0 equiv), ((2-
1568 (bromomethyl)phenyl)ethynyl)trimethylsilane (14) (190 mg, 710
1569 μmol, 2.0 equiv), and Cs2CO3 (231 mg, 710 μmol, 2.0 equiv) in DMF
1570 (5 mL) were reacted as per general procedure B for 42 h. The desired
1571 product was isolated via FCC (PET/EtOAc 4:1), resulting in a white
1572 solid (127 mg, 65%) following concentration. LC−MS (m/z): 273.1
1573 [M − C15H11O]+

, 503.2 [M + Na]+ and 753.3 [2M − C15H11O]+.
1574 TLC Rf = 0.27 (PET/EtOAc, 4:1). HPLC: tR 6.83 min, >95% purity
1575 (254 nm). HRMS: calcd for C32H32NaO4

+ [M + Na]+ 503.2193,
1576 found 503.2205. 1H NMR (CDCl3) δ 7.55−7.47 (m, 2H), 7.35 (td, J
1577 = 7.6, 1.4 Hz, 1H), 7.29−7.23 (m, 1H), 7.23−7.16 (m, 2H), 6.87−
1578 6.81 (m, 2H), 5.17 (s, 2H), 4.71 (s, 1H), 3.30 (s, 1H), 2.45 (br s,
1579 4H), 2.23 (d, J = 16.3 Hz, 2H), 2.16 (d, J = 16.3 Hz, 2H), 1.10 (s,
1580 6H), 1.00 (s, 6H). 13C NMR (CDCl3) δ 196.4 (C), 162.0 (C), 157.2
1581 (C), 139.6 (C), 136.8 (C), 132.6 (CH), 129.3 (CH), 129.1 (CH),
1582 127.4 (CH), 127.3 (CH), 120.2 (C), 115.7 (C), 114.4 (CH), 82.2
1583 (C), 80.9 (CH), 67.9 (CH2), 50.7 (CH2), 40.8 (CH2), 32.2 (C), 30.9
1584 (CH), 29.2 (CH3), 27.4 (CH3).
1585 Pharmacology. ERK 1/2 Phosphorylation Assay. All compounds
1586 that underwent pharmacological evaluation were >95% pure as
1587 assessed by analytical HPLC. Leu-Enk was dissolved at 10 mM in
1588 water, and putative DOR PAMs at 10 mM in DMSO. All compounds
1589 were then diluted in assay buffers. Human DOR FlpIn Chinese
1590 hamster ovary cells (CHO-hDOR) were seeded into 96-well plates at
1591 a density of 20, 000 cells/well. After 4−6 h, cells were washed with
1592 phosphate-buffered saline (PBS) and incubated overnight in serum-
1593 free DMEM. Initially, time-course experiments were conducted at
1594 least twice for each ligand to determine the time required to
1595 maximally promote ERK1/2 phosphorylation via the DOR (Figure
1596 S3). Concentration−response experiments were performed for the
1597 orthosteric ligands in the absence or presence of increasing
1598 concentrations of the allosteric modulator at 37 °C. Stimulation of
1599 the cells was terminated by the removal of the media and addition of
1600 50 μL of SureFire lysis buffer (PerkinElmer) to each well. The plate
1601 was shaken for 5 min at room temperature before transferring 5 μL of
1602 the lysates to a white 384-well Proxiplate (PerkinElmer). Then, 8.5 μL
1603 of the detection buffer (reaction buffer/activation buffer/acceptor
1604 beads/donor beads, 60:10:0.3:0.3) was added to the samples and
1605 incubated in the dark at 37 °C for 1 h. Fluorescence signal was
1606 measured using the Envision multilabel plate reader with AlphaScreen
1607 settings. Data were expressed as a percentage of the pERK1/2
1608 mediated by 10% FBS response. For pertussis toxin treated
1609 experiments, cells were incubated overnight with 100 ng/mL of
1610 PTX prior to performing concentration−response curve experiments.
1611 cAMP Inhibition Assay. To measure Gαi-mediated cAMP
1612 inhibition, FlpIn CHO 3HA_hDOR cells were transfected with a
1613 BRET-based cAMP biosensor (CAMYEL = cAMP sensor using YFP-
1614 Epac-RLuc). Briefly, 20,000 cells/well were seeded in 96-well white
1615 CulturPlates (Sigma Aldrich) and incubated overnight at 37 °C and
1616 5% CO2 followed by transient transfection with 60 ng/well of
1617 CAMYEL DNA and linear polyethylenimine PEI (DNA:PEI ratio of
1618 1:6). Forty-eight hours post transfection, cells were washed twice with
1619 phosphate-buffered saline (PBS) and equilibrated with Hanks’
1620 balanced salt buffer containing10 mM HEPES. After 30 min
1621 incubation at 37 °C, a final concentration of 5 μM coelenterazine
1622 H (Nanolight Technology, Pinetop, AZ) was added to each well for 5
1623 min. Cells were then incubated for 5 min with various concentrations
1624 of Leu-enkephalin in the absence or presence of increasing
1625 concentrations of each allosteric modulator followed by 3 μM of
1626 forskolin. Cells were further incubated for 5 min at 37 °C before
1627 BRET measurements were performed on a LUMIstar FS instrument
1628 (BMG Labtech) using 445−505 nm/505−565 nm filters. The BRET
1629 signals were determined by quantifying the ratio of light emitted at
1630 505/565 nm by YFP over the light emitted at 430/475 nm by Renilla
1631 luciferase. The kinetics was initially performed to determine the time

1632point to achieve the optimal BRET signals (data not shown).
1633Concentration−response curves were constructed with the data point
1634at 10 min after the addition of the ligands and were normalized to the
1635response mediated by 3 μM forskolin (0%) or buffer (100%) alone.
1636Data Analysis. All data were analyzed using GraphPad Prism 9
1637(San Diego, CA). Allosteric interactions of the modulator with the
1638agonist were analyzed by fitting the curves to the operational model of
1639allosterism19 as follows:

E
E A K B B

K A K B B
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EC ( B ) ( ( ) EC )

n

n n n
m B B 50

50 B B B 50
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+
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+ [ ] + [ ] + [ ] + [ ]

1640where KA and KB denote the equilibrium dissociation constants for
1641orthosteric and allosteric ligands, respectively, and α refers to the
1642cooperativity factor that each ligand exerts on the affinity of the other.
1643In addition to allosteric effects on binding affinity (governed by α),
1644allosteric effects on efficacy are incorporated by the use of an
1645additional parameter, β. The parameters τA and τB denote the capacity
1646of orthosteric and allosteric ligands, respectively, to exhibit agonism
1647and incorporate the intrinsic efficacy of each ligand.
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