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Unstable atropisomerism is innate in many common scaffolds in drug discovery, commonly existing as freely rotating aryl-aryl bonds. 
Such compounds can access the majority of dihedral conformations around the bond axis, however most small-molecules bind their target 
within a narrow range of these available conformations. The remaining accessible conformations can interact with other proteins leading 
to compound promiscuity. Herein, we leverage atropisomerism to restrict the accessible low energy dihedral conformations available to a 
promiscuous kinase inhibitor and achieve highly selective and potent inhibitors of the oncogenic target RET kinase. We then evaluate our 
lead inhibitor against kinases that were predicted to bind compounds in a similar conformational window to RET, discovering a potent 
inhibitor of drug resistant EGFR mutants including L858R/T790M/C797S EGFR. Leveraging atropisomerism to restrict accessible con-
formational space should be a generally applicable strategy due to the prevalence of unstable atropisomerism in drug discovery. 

 

 

 

 

 

 

 

 

 

 
1Department of Chemistry and Biochemistry, San Diego State University, San Diego, California, USA. 2Donald P. Shiley BioScience Center, San Diego State 
University, San Diego, California, USA. *email: jgustafson@sdsu.edu 



 

There are over 500 protein kinases in the human genome, many of which play key roles in regulating various cellular processes1. 
Aberrant kinase activity has been implicated in a myriad of diseases and is a common contributing factor to many cancers2. As such, 
small molecule inhibitors of kinase activity have been robustly pursued over the past two decades, revolutionizing the manner by 
which many cancers are treated3. Despite these monumental achievements, obtaining highly selective kinase inhibitors remains a 
challenge4,5 due to the high degree of active site conservation among kinases. The lack of an inhibitor’s kinase specificity often 
leads to adverse events that can limit their safety, efficacy and usefulness as chemical probes6.  

Recently, chemists have begun to implement ‘selectivity filters’ that allow for rapid improvements in selectivity by taking advantage 
of unique features of a kinase’s active site, such as covalently targeting relatively non-conserved cysteines7–9. While such methods 
have led to the development of several important drugs, these approaches are not broadly applicable as they rely on relatively rare 
features of specific kinases that are susceptible to resistance via mutation10,11. As such, there remains a dire need for new broadly 
applicable strategies in medicinal chemistry that allow for efficient enhancement of selectivity and potency of pharmaceutical leads 
with relatively simple modifications. 

These challenges are exemplified by RET, a receptor tyrosine kinase whose aberrant activity has been implicated in numerous 
cancers12. Activating RET point mutations13,14 contribute to medullary thyroid cancers, RET fusions are common in papillary thyroid 
cancers and non-small-cell-lung cancers15–18, and overexpression of wild-type (WT) RET is observed in endocrine resistant luminal 
breast cancers19. Current small molecule therapeutics used in treating RET driven diseases, such as vandetanib, are associated with 
grade 3 & 4 adverse effects20,21 including thyroid malfunction22, hypertension23, QTc prolongation24, and severe dermatological 
issues25. These undesirable effects are attributed to the inhibition of kinases other than RET, such as VEGFR2 and EGFR26,27. 
Consequently, recent efforts have focused on RET kinase inhibitors that inhibit fewer off-target kinases. Two inhibitors with im-
proved RET selectivity, BLU-667 and LOXO-292, display improved safety and efficacy in phase I trials28. While promising, these 
compounds still exhibit low nM binding affinities towards troublesome off-target kinases (i.e BLU-667 possesses a Ki of 16 nM 
against VEGFR2).  

EGFR represents another target in which inhibitor selectivity is of great importance, in this case for EGFR mutants over WT EGFR. 
EGFR mutants are a long-standing target in NSCLC, however 1st generation EGFR inhibitors are often met by acquired resistance, 
typically caused by T790M gatekeeper mutation. To overcome this mutation, Gray and others have targeted the cysteine 797 residue 
of EGFR29, yielding 3rd generation EGFR inhibitors, Osimeritinib30, WZ400229, and CO-168631. Recently, a 3rd mutation in EGFR, 
C797S (most commonly appearing as a triple mutant with L858R and T790M), has been discovered that leads to resistance to 3rd 
generation inhibitors, spurring the need for development of 4th generation EGFR inhibitors that target C797S harboring mu-
tants11,32,33. While several innovative strategies, including allosteric inhibition34 and targeting additional neighboring binding pock-
ets35 and residues36,37, have yielded inhibitors that function in vitro, these molecules either possess significant WT EGFR activity, 
resulting in well-characterized side effects, or have minimal cellular activity as a single agent. As such, there remains a dire need 
for a WT EGFR-sparing inhibitor that possesses activities against EGFR mutants, particularly the L858R/T790M/C797S triple 
mutant.  

Atropisomerism is a stereochemical phenomenon that arises due to asymmetry about a bond, most typically a sp2-sp2 axis such as 
that in a nonsymmetrical biaryl (Fig. 1a). As racemization can occur spontaneously via bond rotation, atropisomers can span the 
gamut of stereochemical stability, ranging from rapidly racemizing to stable enantiomers38,39. LaPlante has classified atropisomers 
based on the amount of energy required to racemize the chiral axis via bond rotation: class 1 of < 20 kcal/mol (t1/2 @ 37°C < 10 s), 
class 2 between 20 and 30 kcal/mol (t1/2 @ 37°C between 10 s and 4.5 years ), and class 3 of > 30 kcal/mol (t1/2 @ 37°C > 4.5 years). Over 
the past several decades class 1 atropisomerism has become ubiquitous in modern drug discovery, perhaps due to the increased use 
of reactions that can form atropisomeric axes40,41. Indeed, at the time of this writing, over 83% of FDA-approved small molecule 
kinase inhibitors exist as class 1 atropisomers (Fig. 1b and Supplementary Fig. 1).  
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Fig 1. a, Bond rotation leads to racemization of atropisomers. b, Examples of atropisomerism in FDA-approved kinase inhibitors 
c, Limited access to dihedral angles as a consequence of atropisomerism. 

While once described as a ‘lurking menace’42 in drug discovery, stable atropisomers have recently received renewed interest in the 
pharmaceutical industry43–46. The current ‘industry standard’ approach is to treat class 3 atropisomers as stable enantiomers, avoid 
class 2 atropisomers, and to treat rapidly interconverting class 1 atropisomers as achiral. While class 1 atropisomers do not display 
the hallmarks of chirality at room temperature, most interconverting atropisomeric compounds interact with their target as a single 
atropisomer with the other accessible atropisomer contributing little to the desired activities47. 

We previously hypothesized that the target selectivity of a promiscuous lead compound could be improved through preorganizing 
the inhibitor into the atropisomeric conformation preferred by the targeted kinase by precluding any off-target inhibition contributed 
by the other atropisomer48. We executed a proof of concept experiment wherein we synthesized and tested atropisomerically stable 
analogs of a promiscuous, rapidly interconverting pyrrolopyrimidine (PPY) kinase inhibitor. While an order of magnitude less 
potent than the parent interconverting compound, each atropisomer displayed modulated selectivity across a panel of kinases.  

Herein we describe studies that have led to a highly potent and selective atropisomeric inhibitor of RET kinase that possesses 
promising activities in models of RET-driven cancer. An analysis to determine the origins of the observed gains in selectivity and 
potency suggest that the bulk of improvement in selectivity is not a direct consequence of precluding the other atropisomer, but 
rather of constraining the accessible range of dihedral angles about the atropisomeric axis (Fig. 1c), an outcome that is akin to the 
‘magic methyl effect’49. We then evaluated our lead compounds against kinases that were predicted to bind ligands in a similar 
conformational window to RET, discovering that the lead RET inhibitor also possessed low nanomolar inhibitory activities towards 
EGFR mutants including the 3rd generation EGFR inhibitor-resistant L858R/T790M/C797S mutant, while sparing WT EGFR. 

Results 

Discovery of (Ra)-3 as a highly potent and selective inhibitor of RET 

To form actionable SAR hypotheses to improve the potency and selectivity of the previous lead, (Ra)-A2, towards RET, we per-
formed a series of in silico docking studies on various PPY inhibitors into a crystallographic model of RET (PDB 2IVV). Analysis 
of several docking poses suggested that the 10x loss in potency towards RET for A2 compared to rapidly interconverting parent 
compound was due to the weakening of a key hydrogen-bonding interaction between the pyrimidine and the kinase hinge region, 
likely caused by the electron withdrawing chlorine attenuating the ability of N-5 to accept a hydrogen-bond (Fig. 2a and Supple-
mentary Fig. 2). Based on this, we synthesized 1 which possesses an electron donating methyl at the C-2, resulting in a significant 
increase in potency in kinase inhibition assays (Fig. 2b). Notably, the selectivity trends observed for A2 between RET and SRC 
were largely conserved, with the (Ra)-atropisomer favoring RET and the (Sa)-atropisomer preferring SRC. 
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Fig 2. Docking studies on RET and in vitro results for select inhibitors using ADP-Glo kinase inhibition assays (Promega). Values for IC50 (and Ki) are 
reported in nM and predicted hydrogen-bond strengths (in green) reported in kcal/mol. Ki values were calculated using the KM of each kinase for ATP 
in the Cheng-Prusoff equation. a, (Ra)-A2 docked in RET (front view). b, (Ra)-1 docked in RET (front view). c, (Ra)-2 (orange) docked in RET (side). 
d, (Ra)-3 (orange) docked in RET (side). **The chirality of 3 was assigned giving priority to steric bulk and is therefore consistent with the (Ra) binding 
conformations of other inhibitors.  If 3’s chirality was assigned with traditional IUPAC atomic priorities, the nomenclature would be reversed.   

Comparison of the active sites of RET and other kinases suggested that the hydrophobic pocket beyond RET’s Val804 gatekeeper 
residue could better accommodate extended aryl groups when the axis is in the (Ra)-conformation. To test this hypothesis, we 
synthesized and evaluated PPYs that possessed polycyclic aromatic groups, finding that naphthyl-containing (Ra)-2 (Fig. 2c) dis-
played significantly improved RET inhibition (RET IC50 of 34 nM (Ki of 6.1 nM)) and enhanced selectivity over SRC and VEGFR2 
(112x and 94x, respectively; comparison of selectivity is based on Ki as it is independent of kinases’ KM). It should be noted that 2 
is nearly a direct atropisomeric analog of the ‘allele-specific’ tool compound NA-PP150, however, we found (Ra)-2 to be 8-fold more 
potent towards RET with a modulated selectivity pattern across a panel of 25 kinases known to be inhibited by NA-PP1 (Supple-
mentary Fig. 3). 

Further analysis of (Ra)-2 docked into the RET active site revealed that there was a relatively non-conserved serine (Ser891) that 
could potentially be engaged (Fig. 2d). While a fluorosulfate-containing51 analog (Supplementary Fig. 2) possessed greatly dimin-
ished activities, we were able to exploit this serine with quinoline-containing (Ra)-3, that has an appropriately placed nitrogen to 
engage Ser891 in hydrogen-bonding. (Ra)-3 inhibits RET with an IC50 of 8 nM (Ki=1.4 nM) and exhibits 110x selectivity over SRC 
and 436x over VEGFR2. It should be noted that in (Ra)-3 we replaced the i-Pr off the N-1 position with a t-Bu group to increase the 
stereochemical stability to that of a class 3 atropisomer (See SI for details).  

 

Selectivity of atropisomeric (Ra)-3 and comparison to racemizing 4.  

We next evaluated both atropisomers of 3 for selectivity by subjecting them to inhibitor profiling across 127 kinases at 300 nM, 
more than 200x the Ki of (Ra)-3 toward RET (Supplementary Table 1). The panel was comprised of kinases known to bind 3-aryl 
substituted PPYs, kinases with high homology to RET, as well as common oncogenic kinases including RET mutants. At this 
concentration, 10% of WT kinases in the panel, primarily SRC and ephrin family kinases, were inhibited greater than 90% by (Ra)-
3. To verify these results and gain a better idea of selectivity, we measured the Ki through 10-point titration curves for many of these 
kinases (Fig. 3a), as well as EGFR and VEGFR2, two related receptor tyrosine kinases, to which many of the side effects of current 
RET inhibitors are attributed. These studies verified the selectivity of (Ra)-3 as only FRK possessed a Ki within 10x of RET. Overall 
(Ra)-3 exhibited a 10- to 100-fold preference for RET over the SRC family or similar kinases and exhibited significant selectivity 
for RET over EGFR and VEGFR2.  

a b 
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(Sa)-3 proved to be significantly less potent against all kinases tested in both studies, suggesting that simply precluding the (Sa)-
atropisomer was not the major driving force for increasing RET selectivity. To evaluate if there was an advantage to preorganized 
atropisomers in this case, we synthesized a rapidly interconverting derivative of (Ra)-3, (4, Fig. 3) and evaluated it against the same 
panel of kinases, finding 4 was both less potent and selective towards RET (Fig. 3b). Specifically, (Ra)-3 was 7x, 4.5x and 27x more 
selective than 4 for RET over EGFR, VEGFR2, and SRC respectively. For the other kinases tested, the enhanced RET selectivity 
of (Ra)-3 compared to 4 is largely due to the increased potency for RET (1.4 nM vs 4 nM RET Ki) as there was little change in the 
potency for these kinases between (Ra)-3 and 4.  
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Fig 3. a, Selectivity profile of (Sa)-3, (Ra)-3, and 4 on various kinases (RET Ki / Kinase Ki). b, Graphical comparison of RET 
selectivity for (Ra)-3 and 4 sorted by fold selectivity. 

Majority of increased selectivity caused by restriction of the range of accessible dihedral angles. 

As the C-2 methyl in (Ra)-3 is likely oriented near a conserved large ribose pocket (Supplementary Fig. 4), the observed increases 
in selectivity towards RET compared to 4 are likely due to factors other than the kinases’ interactions with the methyl group. Inspired 
by classic work from Jorgensen on the origins of the ‘magic-methyl’ effect49, we hypothesized that the addition of a bulkier methyl 
group results in a shift of the low energy conformational window about the atropisomeric axis towards more orthogonal confor-
mations.  To investigate this further, we calculated the conformational energy profile (CEP)52 of 3’s and 4’s atropisomeric axes 
using Guassian16 at the DFT-RB3LYP/6-31G(d) level (Fig. 4 and Supplementary Table 2). Focusing on the energy profile for the 
active (Ra)-conformation (which we define as θ = -180° to 0°), (Ra)-3 (green) possesses a narrower low energy conformational 
window (defined as within 1.36 kcal/mol of the local minimum) of 80° (-130° to -50°).  Accessing conformations outside this range 
would result in an energetic penalty that could correspond to a 10x loss in the inhibitor’s kinase affinity.  On the other hand, 
interconverting 4 (blue) has a conformational window of 105° about the aryl-aryl axis (-140° to -35°). If you include the (Sa) con-
formational window, 4 can access 210° of conformations within 1.36 kcal/mol.   Calculating the CEP for  the often used chemical 
probe PP1 (5, a pyrazolopyrimidine, in purple)53 and generic PPY scaffold 6 (orange), each of which possess  no ortho substituents, 
revealed these compounds to have significantly different profiles of low energy conformations. PP1 and 6 each possessed a low 
energy window of 90° (180° including the (Sa)-conformations), each broken up into two windows (PP1: -160° to -115° and -65° to 
-20°; 6: -150° to 105° and -70° to -25°).  

We then analyzed the dihedral angles of 109 PPY and PP ligands bound to 29 kinases from x-ray crystal structures deposited at the 
PDB (Supplementary Table 3). 56 ligands possess substitution patterns that render them type 1 atropisomers, with 46/56 exhibiting 
dihedral angles between -180° and 0° (corresponding to the active conformation of 3), and 10/56 displaying dihedral angles between 
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0° and 180° (corresponding to the inactive enantiomer). The remaining 53 bound ligands are ‘pro-atropisomeric’. Most ligands 
bound their targets with dihedral angles between -140° to -105° and -60° to -35°, overlapping well with the low energy confor-
mations of PP1 (5) and generic PPY ligand 6 (See Fig. 5). Of the 109 bound ligands, 85% and 91% fell within the low energy 
window (within 1.36 kcal/mol of local minima) for 5 and 6 respectively. Accordingly, 91% of the ligands fell within the low energy 
conformations of 4.  

Interestingly, only 60% of the kinase-bound ligands fell within the low energy conformations of (Ra)-3. While ~20% of the precluded 
ligands correspond to those of the other atropisomer, the preclusion of the remaining 80% is a result of restricting the range of 
accessible low energy dihedral angles. Analysis of the three RET structures in the data set revealed that the ligands (PP1 in each 
case) bound RET (PDB 2IVV, 5FM2, 5FM3) with dihedral angles between -111o and -117o which are at or near the local minimum 
for (Ra)-3, and correspond to destabilized conformations (vs the local minima) for the other ligands analyzed. We next reviewed the 
aforementioned kinase inhibitor profiling experiment for other kinases that bound their respective ligands with similar dihedral 
angles to that of RET, finding these kinases were significantly inhibited by (Ra)-3 at 300 nM (LYN 80% activity inhibited, LCK 
75%, and HCK 74%).  

  
Fig 4. Analysis of conformational energy profiles for certain scaffolds superimposed with the dihedral angles of co-crystalized 
ligands obtained from Protein Data Bank (PDB). Red dotted lines represent the conformational energy at which the inhibitor would 
lose 10x binding affinity towards its target. 

To further verify the observations gleaned from the analysis of the crystallographic data, we turned to docking studies followed by 
molecular dynamic (MD) simulations to predict the preferential binding window of dihedral conformations for a given kinase to its 
PP or PPY ligand.  We performed these MD simulations on kinases for which there is crystallographic data bound to PP or PPY 
ligands (RET, SRC) using (Ra)-3, 4 and PP1 (See Supplementary Fig. 5). For RET, the predicted binding windows for (Ra)-3, and 
to a slightly lesser extent 4, overlap well with both the CEP’s low energy window and the observed dihedral angles observed in the 
PDB. On the other hand, there was poor overlap between the crystallographic data and the predicted binding window of PP1, which 
binds RET with an attenuated affinity compared to (Ra)-3 and 4 (Ki of 40 nM54), perhaps because PP1 is forced to bind RET in a 
conformation that is greater than 1 kcal/mol higher in energy than its local minima.  For SRC, the predicted binding window for 4 
overlapped almost perfectly with the bulk of dihedral angles observed in the PDB, whereas there is poor overlap between the 
crystallographic data and the predicted binding windows of  (Ra)-3 and PP1, perhaps explaining why 4 possesses 10x higher potency 
towards SRC than PP1 or (Ra)-3 (17 nM for 4, 158 nM for (Ra)-3, and 170 nM for PP1).  

(Ra)-3 is also a non-covalent mutant selective EGFR inhibitor.  

While analyzing ligands’ dihedral angles found in PDB, we observed that the T790M mutant of EGFR binds PP ligands (5GTY, 
5J9Y, 5GNK, 5YU9) in a similar range to that of RET, well within the low energy conformational window of (Ra)-3. Indeed, 
performing the aforementioned docking and MD studies predicted that T790M EGFR mutants would bind (Ra)-3 and PP1 ligands 
in a conformational window similar to that of RET, and thus predicts that (Ra)-3 will possess significant affinity towards T790M 
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harboring mutants.  This led us to evaluate (Ra)-3 against a panel of EGFR and its mutants (Table 1). These studies confirmed that 
(Ra)-3 possessed little WT EGFR activity (1623 nM Ki) but proved quite potent towards the T790M mutant (16.5 nM). This mutant 
EGFR activity extended to the L858R mutant (77 nM), double mutant L858R/T790M (15.8 nM), and triple mutant 
L858R/T790M/C797S (53 nM). While less potent toward EGFR mutants than to RET, (Ra)-3 compares favorably to the state-of-
the-art covalent EGFR inhibitors as it possesses significantly improved mutant over WT selectivity55, which could result in an 
improved toxicological profile. It is also worth noting that a RET fusion (RET-CCDC6) has been implicated as another mechanism 
of acquired resistance to 3rd generation EGFR inhibitors17. Thus, a dual RET/EGFR mutant inhibitor may be of use for patients 
irrespective of acquisition of the C797S mutation.  

(Ra)-3 4

EGFR WT Ki
 (nM):

EGFR L858R Ki
 (nM):

Inhibitor activity on WT EGFR and mutantsa

EGFR T790M Ki
 (nM):

EGFR L858R T790M Ki
 (nM):

EGFR L858R T790M C797S Ki
 (nM):

1623 721

77 111.5

16.5 29.3

15.8 17.7

53 69.5

aKi
's are reported in nM and were measured in duplicate.

Osimertinib50

8.4

6.1

2.1

4.2

139

 
Table 1. Activity of (Ra)-3, 4, and Osimertinib on EGFR mutants. 

Cellular activity of (Ra)-3.  

We next tested both atropisomers of 3, racemizing 4, and vandetanib (the current standard of care RET inhibitor) in cellular models 
of RET-driven cancers and non-RET-driven control cell lines (Table 2). (Ra)-3 inhibited cell growth of all RET-driven cell lines 
with GI50’s around 1 uM, including cells with RET fusions (CCDC6-RET-driven LC-2 NSCLC cells), RET mutants (C634W in TT 
thyroid cancer cells) and overexpressed WT RET (estrogen deprived MCF7 (ED-MCF7) cells in the presence of 20 nM of RET 
activating ligand GDNF). As WT RET is dependent on GDNF for activity, we were able to compare the effect of inhibition of RET 
in ED-MCF7 cells to that of RET inactivation in the same cell line by removal of GDNF. This study revealed that at 3µM, (Ra)-3 
inhibited cell growth of +GDNF ED-MCF7 to a similar level as that of the -GDNF ED-MCF7 control cell line. This suggests that 
the observed cellular effect at 3µM of (Ra)-3 recapitulates complete RET inactivation in this model (Supplementary Fig. 6a).  

To further investigate the downstream effects of (Ra)-3 on the RET signaling pathway, we measured the level of phosphorylation 
of the kinases AKT and ERK in ED-MCF7 cells under varying conditions. In the presence of GDNF, complete loss of phosphory-
lation is observed at 1µM (Ra)-3 in both AKT and ERK (Supplementary Fig. 6b). Consistent with the in vitro data, (Sa)-3 had no 
effect on the cell lines while the racemizing 4 was roughly 2x less active than (Ra)-3. Importantly, (Ra)-3 displayed no observable 
anti-proliferative activity against cell lines (BT474 and H292) that are not driven by RET. On the other hand, vandetanib signifi-
cantly inhibited the growth of these control cell lines. In light of the -GDNF ED-MCF7 experiment, it is likely that the additional 
anti-proliferative effects of vandetanib compared to (Ra)-3 on the RET-driven cell lines is due to off-target kinase inhibition.  

Next, we turned to cellular models driven by mutants of EGFR. (Ra)-3 displayed moderate activity relative to current 3rd generation 
EGFR inhibitors with a GI50 of 4.35 µM in L858R/T790M-driven H1975 cells. Notably, (Ra)-3 did not exhibit any activity (>10µM 
GI50) towards H292 cells driven by overexpression of WT EGFR while the more promiscuous vandetanib did (1.14 µM GI50), 
validating the mutant selectivity of (Ra)-3. To gain a clearer picture of cellular activity of (Ra)-3 against the triple mutant, we gen-
erated Ba/F3 cell lines that were dependent upon the phosphorylation activity of mutants L858R, L858R/T790M and 
L858R/T790M/C797S EGFR. In agreement with our other observations, (Ra)-3 possessed low to mid-single digit µM activities 
against each EGFR mutant-driven Ba/F3 cell line, while displaying no activity against a control IL-3 dependent Ba/F3 cell line. 4 
displayed slightly attenuated activities, while vandetanib displayed comparably to slightly better in some cases.  However, it should 
be noted that vandetanib displayed antiproliferative activities against the control IL-3 dependent Ba/F3 cell line, suggesting that a 
portion of vandetanib’s observed activities are due to inhibition of other kinases.  The activity of (Ra)-3 in the triple mutant-driven 
Ba/F3 cell line is notable as, to the best of our knowledge, it represents the first example of a highly WT EGFR sparing small 
molecule that displays appreciable activity in this model as a single agent.  While further structural optimization is needed to obtain 
a therapeutic agent and chemical probe for EGFR mutant inhibition, (Ra)-3 represents an exciting lead towards these ends.  
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(Sa)-3(Ra)-3 4 Vandetanib

>101.49 3.40 0.43LC-2/AD
(CCDC6-RET)

TT
(RET C634W)

1.45 >10 2.59 1.06

ED-MCF7
(overexpressed WT RET)

1.15 >10 1.31 0.25

BT474
(+PR and HER2)

>10 >10 >10 6

Anti-proliferative effect of inhibitorsa

aCell growth GI50s are reported in µM and were measured in triplicate.

H292
(overexpressed WT EGFR)

>10 >10 >10 1.14

H1975
(EGFR L858R/T790M)

4.3 5.0>10 >10

Ba/F3
(EGFR L858R)

2.27 2.60>10 0.33

Ba/F3
(EGFR L858R/T790M)

5.87 8.38>10 6.2

Ba/F3
(EGFR L858R/T790M/C797S)

5.42 6.20>10 5.32

Ba/F3
(empty vector)

>10 >10>10 6.16

 
Table 2. Cellular studies of inhibitors on RET-driven, EGFR-driven and control cell lines. 

Discussion 

By introducing stable atropisomerism into a promiscuous unstable atropisomeric scaffold, we were able to access a highly potent 
and selective inhibitor of RET kinase, an emerging oncogenic target. We obtained drastic improvements in potency and selectivity 
by strategically adding five non-hydrogen atoms to a highly promiscuous kinase inhibitor scaffold (PP1). The lead compound, (Ra)-
3 displays 2-3 orders of magnitude selectivity for RET over EGFR and VEGFR2, kinases whose off-target inhibition leads to well-
characterized adverse events in patients. (Ra)-3 displays good anti-proliferative activities in RET-driven models of thyroid cancer, 
breast cancer, and non-small cell lung cancer, and importantly has no observable effects against cell lines that are not RET-
dependent. These studies validate (Ra)-3 as a chemical probe to study RET’s biology, as well as an intriguing lead towards a new 
generation of selective RET inhibitors.  

To better understand the origin of the observed improvements in RET potency and selectivity upon introducing atropisomerism, we 
performed an analysis of 109 co-crystal structures of kinases bound to PP and PPY scaffolds. Comparing the observed dihedral 
angles with the predicted conformational energy profiles of (Ra)-3, 4, and PP1 suggests that the major driver of selectivity is the 
narrowing of the low energy conformational window about the atropisomeric axis. In other words, (Ra)-3 is preorganized into a 
conformational window optimal for RET, but less optimal for other kinases. As such, the observed effects on selectivity and potency 
when introducing stable atropisomerism are related to Jorgensen’s seminal explanation for the origins of the ‘magic methyl effect’. 
While these effects may not be a direct consequence of atropisomerism, rigidifying the axis to the point of atropisomer stability is 
likely unavoidable in order to design compounds that favor conformations approaching orthogonality.  Furthermore, our analysis 
did reveal a small but significant number of kinases (20%) preferred ligands that were bound in the (Sa)-conformation, and off-
target inhibition of these kinases would be avoided with an atropisomerically constrained compound. Moreover, if one desires to 
target any of these 20% of kinases, leveraging atropisomerism would appear to be a promising strategy to obtain selective leads. 

Extending this analysis to other kinases predicted that EGFR mutants would also prefer to bind PP-type ligands with a conforma-
tional window similar to that of RET, leading us to evaluate (Ra)-3 against a series of EGFR mutants. We found (Ra)-3 to spare WT 
EGFR but potently inhibit several EGFR mutants, including the vaunted L858R/T790M/C797S triple mutant. This activity held in 
cellular models of mutant EGFR driven cancer, including triple mutant dependent Ba/F3 cell lines. While we need to further opti-
mize this scaffold for EGFR mutants, (Ra)-3 represents, to the best of our knowledge, the first example of a highly mutant selective 
EGFR inhibitor that displays cellular activity as a single agent towards the triple mutant driven cell line, rendering it a lead towards 
a 4th generation EGFR therapy for NSCLC.  
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In conclusion, this work suggests that controlling the accessible dihedral angles of a potentially atropisomeric axis can function as 
a useful strategy to modulate an inhibitor’s selectivity profile. While this hypothesis needs further validation across different atro-
pisomeric scaffolds and target classes, we hope that this work can serve as tool to guide the design and discovery of more selective 
chemical probes and therapeutics.  
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Methods 

Cell lines and antibodies. Human cancer cell lines LC-2/AD, TT, MCF7, BT474, H292, H1975 were purchased from the American 
Type Culture Collection (ATCC) (Manassas, VA, USA). Ba/F3 cell line was purchased from DSMZ (Brunswick, Germany). All 
cell lines were maintained in the ATCC or DSMZ’s recommended culture media at 37 °C with 5% CO2. 

Ba/F3 cell generation. The retroviral pBabe-Puro-EGFR-L858R and EGFR-L858R/T790M plasmids were obtained from the 
Meyerson Lab (via Addgene). pBabe-Puro backbone plasmid was donated by the Land Lab (via Addgene). The EGFR-
L858R/T790M/C797S triple mutant was generated by QuikChange site-directed mutagenesis (Agilent) using pBabe-Puro-EGFR-
L858R/T790M as template DNA using the following primers: F- 
GCAGCTCATGCCCTTCGGCTCCCTCCTGGACTATGTCCGG, and C797S R- 
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CCGGACATAGTCCAGGAGGGAGCCGAAGGGCATGAGCTGC (where the mutated nucleotide is in bold and underlined). 
pBabe-Puro constructs were cotransfected in HEK293T cells along with pCL-Eco (via Verma’s Lab from Addgene) packaging 
plasmid. Supernatant containing retroviruses was collected at 24, 48, and 72 hours post transfection, filtered through 0.45 μm filters, 
and used to infect 1 million Ba/F3 cells in three consecutive days. 48 h after the last infection, infected Ba/F3 cells were selected 
by culturing for 4 days with 4µg/ml puromycin in RPMI supplemented with 10% FBS and 10 ng/ml IL-3 (R&D Systems).  After 
the 4 days, IL-3 was completely withdrawn and cells were grown in the absence of IL-3 obtain IL-3 independent EGFR signalling-
addicted cells. 

Antiproliferation assays. LC-2/AD, TT, BT474, H292 and H1975 were seeded in white 384-well culture plates (3000 cells/well). 
Cells were allowed to attach for 2-4 h and then compounds were added at the indicated concentrations. Ba/F3 cells were seeded at 
a density of 500/well and treated with varying concentrations of test compounds. Cell viability was determined after 72 h by 
CellTiter-Glo assay (Promega), and luminescence was measured in a ClarioStar plate reader (BMG Labtech).  MCF7 cells were 
steroid deprived prior to cell proliferation assays by culturing in phenol red-free DMEM containing 10% dextran-coated charcoal 
treated FBS for three days. Estrogen-deprived MCF7 cells (ED-MCF7) were seeded in 96-well culture plates (4000 cells/well) and 
growth was stimulated with 1 nM estradiol (E2) and 20 nM GDNF in the absence or in the presence of test compounds. Cell viability 
was measured using MTT assay (USB) after 3 days of treatment and absorbance was measured at 570 nm. Data were normalized 
to control groups (0.1% DMSO) and represented by the mean of three independent measurements.  

Kinase inhibition assays. Kinases were purchased from Signal Chem and evaluated in ADP-Glo (Promega) assays.  50µM ATP 
was mixed with 100 µg/ml substrate and added to 1.2ng/µl kinase with varying inhibitor conentrations in kinase buffer (1% DMSO) 
in a 384-well white plate. The manufacturer’s protocol was followed and luminesence was read with a ClarioStar plate reader (BMG 
Labtech). IC50’s were converted to Ki’s using ATP concentraion and reported KM’s of tested kinases in the Cheng-Prusoff equation. 
The partial kinome screen was carried out by Life Technologies’ SelectScreen Biochemical Kinase Profiling Service. The inhibitory 
activity of (Ra)-3 and (Sa)-3 at 300 nM were evaluated against each kinase using their ATP KM concentration. Results reported as a 
percent of inhibition in the tables are the mean of duplicate points. Follow-up EGFR mutant IC50 10-point titrations were evaluated 
at the KM of each kinase using the Kinase Profiling service Z-Lyte assay from Life Technology.  

Western blots. Estrogen-deprived MCF7 cells (1 million per condition) were serum starved in 0.1% DCC FBS overnight, then 
treated with serially diluted (Ra)-3 (10µM – 10nM) or (Sa)-3 (10µM) for 2 hours followed by addition of 20nM GDNF.  After 30min, 
cells were placed on ice, washed with cold PBS and lysed in RIPA lysis buffer. Protein concentration was measured by the BCA 
Protein Assay Reagent (Thermo Scientific) according to the manufacturer’s protocol. Western blot analyses were conducted after 
separation by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After blocking in 5% BSA with Tris-buffered 
saline/Tween 20 (TBS-T), membranes were incubated with phospho-Akt (Ser473; R&D, MAB887, 1:500), total Akt (Cell Signaling 
Technology, #9272, 1:2000), phospho-ERK (Thr202/Tyr204; Cell Signaling Technology, #9101, 1:1000), or total ERK1/2 (Santa 
Cruz, sc-154, 1:2000). 

Computational methods. Inhibitor docking. The x-ray crystal structures of RET (PDB 2IVV), SRC (PDB 1YOL), EGFR (PDB 
2GS6), EGFR T790M (PDB 5YU9), VEGFR2 (PDB 3WZD) and BTK (PDB 5P9I)  were used for these studies. Each x-ray structure 
was imported into MOE (Chemical Computing Group).  All waters as well as other non-protein, non-ligand, or non-cofactor 
molecules were removed and the structures were protonated. For each protein, the x-ray conformation of the bound ligand was used 
to define the binding pocket. Docking experiments were performed with the Dock function in MOE using the Amber12:EHT 
forcefield2 with parameterized solvation and default parameters and fitness functions. The receptor binding site was allowed 
minimal flexiblility and the ligand was allowed full flexibility with the top ten scoring, non-redundant poses retained.  

Conformational Energy Plots.  All structures were optimized in the gas phase using density functional theory (RB3LYP) with the 
6-31G(d) basis set as implemented in the Gaussian 09 suite of programs. The atropisomeric axis dihedral was frozen every 5 degrees 
while the rest of the structure was minimized and single point energies were recorded. All energies are reported in kcal/mol with 
respect to the minimized inhibitor. 

Molecular dynamic simulations. All molecular dynamics (MD) simulations were carried out using MOE.  The top two binding 
poses of each inhibitor in each kinase from the previously mentioned docking studies were used as initial structures for the (MD) 
simulation. MOE’s QuickPrep was used to add partial charges and minimize structure. The Amber force field was used for protein, 
ligand and ions. The system was equilibrated with no positional restraints on any atoms for 100 ns under constant volume and 
followed by 500 ns a production run with snapshots taken every 0.5 ns.   

Kinase inhibitors. Compound syntheses and characterizations are reported in Supplementary Note. 
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I. Supplementary Figures 
 

Supplementary Figure 1a. FDA-approved small molecule kinase inhibitors. 
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Supplementary Figure 1b. Examples of different types of atropisomers.  Pro-atropisomers are 

symmetrical sp2-sp2 bonded molecules that are one substituent away from asymmetry. 

 

 

Acronyms for Supplementary Figure 1a: 

ALL = acute lymphoid leukemia 

AML = acute myeloid leukemia 

DFSP = dermatofibrosarcoma protuberans 

CEL = chronic eosinophilic leukemia 

CLL = chronic lymphomic cancer 

CML = chronic myeloid leukemia 

GIST = gastrointestinal stromal tumor 

HCC = hepatocellular carcinoma 

HES = hypereosinophilic syndrome 

MCL =Mantle cell lymphoma 

NSCLC = non-small cell lung cancer 

RCC = renal cell carcinoma 

SLL = small lymphocytic lymphoma 

  



 

SI-5 

Supplementary Figure 2. Additional in vitro kinase inhibition data. 
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Supplementary Figure 3. Partial kinome profiling of (Ra)-2 at 50 nM (in duplicate) against 

kinases known to be inhibited by NA-PP1 using Life Technologies SelectScreen® Kinase 

Profiling Services. The NA-PP1 data at 1000 nM from the literature1 is included for comparison. 

The average % activity inhibited is listed for each compound against each kinase. Bar charts are 

normalized to level of RET inhibition for each kinome screen. 

 

  

% Inhibition 
(50 nM) 

% Inhibition 
(1000 nM) 

Kinase (Ra)-2 NA-PP1 

ABL1 16 26 

ACVR1B 
(ALK4) 

7 65 

BTK 4 49 

EGFR (ErbB1) 7 28 

EGFR (ErbB1) 
T790M 

11 48 

EPHA1 73 93 

EPHB2 65 78 

FGR 43 71 

FLT3 6 13 

FRK (PTK5) 41 89 

FYN 8 45 

HCK 17 59 

KDR (VEGFR2) 10 24 

LCK 12 52 

LYN A 36 82 

MAP4K4 (HGK) 52 92 

MAP4K5 
(KHS1) 

12 69 

MAPKAPK2 1 -2 

MINK1 18 89 

PDGFRB 
(PDGFR beta) 

1 12 

PTK6 (Brk) 34 98 

RET 54 79 

RET V804L 2 11 

SRC 18 65 

YES1 34 54 
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Supplementary Figure 4. Docking studies of (Ra)-3 in EGFR (PDB 2GS6), EGFR T790M (PDB 

5YU9), RET (PDB 2IVV), SRC (PDB 1YOL), and VEGFR2 (PDB 3WZD) using MOE (Molecular 

Operating Environment).  The pictures focused on the C-2 methyl group located near the 

conserved ribose pocket opening.    
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Supplementary Figure 5. Molecular Dynamic simulations of (Ra)-3, 4, and PP1 in RET (PDB 

2IVV), SRC (PDB 1YOL), and EGFR T790M (PDB 5YU9) using MOE (Molecular Operating 

Environment).  Ligands’ dihedral angles were recorded every 0.5 ns for 500 ns (1000 total).  

Red marks represent the dihedral angles of PP or PPY ligands co-crystalized with each kinase 

in PDB. 
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Supplementary Figure 6a. 72-hour estrogen deprived MCF7 (ED-MCF7) and BT474 cellular 

viability assays in the presence of 3M inhibitor or absence of 1nM estradiol (E2) and 20nM 

GDNF.  b. Western blots of varying concentrations of (Sa)-3 and (Ra)-3 in estrogen deprived 

MCF7 cells in the presence or absence of 20nM GDNF after 30min. 

a. 

(R
a
)-2

(R
a
)-3

V
an

da
te

ni
b

N
o 

E
2/

G
D
N
F

(S
a
)-
2

(S
a
)-
3

C
on

tro
l

0

50

100

V
ia

b
ili

ty
 (

%
 o

f 
C

o
n

tr
o

l) ED-MCF7

BT474

3M  Inhibitor  (72 hours)

 

b. 

 

  



 

SI-10 

II. Supplementary Tables 
 

Supplementary Table 1. Partial kinome screen of (Sa)-3 and (Ra)-3 at 300 nM (in duplicate) 

against kinases 127 kinases using Life Technolgies SelectScreen® Kinase Profiling Services. 

The average % activity inhibited is listed for each compound against each kinase.   

(Sa)-3 (Ra)-3 

Kinase %inhibtion Kinase %inhibtion 

ACVR2B 59 ACVR2B 104 

RET Y791F 59 RET Y791F 99 

EPHA1 40 EPHA1 99 

EPHA6 65 EPHA6 98 

RET A883F 65 RET A883F 98 

EPHB2 37 EPHB2 98 

RET 43 RET 97 

FGR 57 FGR 97 

PTK6 (Brk) 24 PTK6 (Brk) 97 

RET S891A 71 RET S891A 97 

FRK (PTK5) 70 FRK (PTK5) 96 

ABL2 (Arg) 47 ABL2 (Arg) 95 

PEAK1 45 PEAK1 93 

BMPR1B (ALK6) 30 BMPR1B (ALK6) 91 

RET M918T 27 RET M918T 91 

CSNK1E (CK1 epsilon) 38 CSNK1E (CK1 epsilon) 90 

FYN 27 FYN 90 

SRC 18 SRC 89 

YES1 36 YES1 89 

EGFR (ErbB1) T790M 25 EGFR (ErbB1) T790M 87 

RET G691S 30 RET G691S 86 

ABL1 27 ABL1 86 

BLK 23 BLK 85 

EPHA2 19 EPHA2 82 

CSF1R (FMS) 16 CSF1R (FMS) 81 

LYN A 27 LYN A 80 

BMX 19 BMX 78 

FGFR1 16 FGFR1 77 

BMPR1A (ALK3) 8 BMPR1A (ALK3) 77 

FGFR2 18 FGFR2 76 

LCK -5 LCK 75 

HCK 9 HCK 74 

RIPK2 12 RIPK2 72 

MAP4K5 (KHS1) 26 MAP4K5 (KHS1) 68 

CSK 12 CSK 68 

ACVR1 (ALK2) 13 ACVR1 (ALK2) 67 

ACVRL1 (ALK1) 14 ACVRL1 (ALK1) 63 

BTK 6 BTK 59 

BRAF 22 BRAF 56 

BRAF V599E 23 BRAF V599E 56 

EGFR (ErbB1) -6 EGFR (ErbB1) 53 

FGFR4 3 FGFR4 53 

ACVR1B (ALK4) -10 ACVR1B (ALK4) 47 

RAF1 (cRAF) Y340D Y341D 17 RAF1 (cRAF) Y340D Y341D 47 

MAP4K4 (HGK) -2 MAP4K4 (HGK) 44 

KDR (VEGFR2) -4 KDR (VEGFR2) 44 

MINK1 10 MINK1 37 

CDK8/cyclin C 17 CDK8/cyclin C 34 

NTRK3 (TRKC) 3 NTRK3 (TRKC) 32 

ERN1 17 ERN1 26 

PTK2 (FAK) 3 PTK2 (FAK) 20 
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TGFBR2 -10 TGFBR2 19 

MAPK14 (p38 alpha) Direct -6 MAPK14 (p38 alpha) Direct 18 

TYK2 5 TYK2 17 

NTRK2 (TRKB) 2 NTRK2 (TRKB) 17 

MAP4K2 (GCK) 7 MAP4K2 (GCK) 17 

FGFR3 3 FGFR3 16 

MAP2K5 (MEK5) 4 MAP2K5 (MEK5) 15 

ROS1 4 ROS1 15 

FLT4 (VEGFR3) -6 FLT4 (VEGFR3) 14 

MAP4K3 (GLK) 6 MAP4K3 (GLK) 13 

MAP3K9 (MLK1) 5 MAP3K9 (MLK1) 12 

MAPK10 (JNK3) -1 MAPK10 (JNK3) 11 

MAP2K1 (MEK1) 4 MAP2K1 (MEK1) 11 

CDK9/cyclin T1 12 CDK9/cyclin T1 10 

DYRK2 2 DYRK2 9 

DDR1 -1 DDR1 9 

LIMK1 -10 LIMK1 8 

RET V804E 5 RET V804E 8 

RET V804M 6 RET V804M 8 

MAP3K11 (MLK3) 1 MAP3K11 (MLK3) 8 

PRKCB1 (PKC beta I) 6 PRKCB1 (PKC beta I) 7 

PDGFRB (PDGFR beta) 0 PDGFRB (PDGFR beta) 6 

PIK3CB/PIK3R1 (p110 beta/p85 
alpha) 

5 
PIK3CB/PIK3R1 (p110 beta/p85 

alpha) 
6 

PIK3CA/PIK3R1 (p110 alpha/p85 
alpha) 

6 
PIK3CA/PIK3R1 (p110 alpha/p85 

alpha) 
6 

PRKACA (PKA) -3 PRKACA (PKA) 6 

ALK 5 ALK 6 

KIT -4 KIT 6 

ERBB2 (HER2) 1 ERBB2 (HER2) 6 

CDK4/cyclin D1 8 CDK4/cyclin D1 5 

MAPK9 (JNK2) 1 MAPK9 (JNK2) 5 

AURKA (Aurora A) 3 AURKA (Aurora A) 5 

RET V804L 4 RET V804L 5 

BRSK1 (SAD1) 4 BRSK1 (SAD1) 4 

MERTK (cMER) 3 MERTK (cMER) 4 

BRSK2 6 BRSK2 4 

TYRO3 (RSE) -1 TYRO3 (RSE) 3 

CLK1 2 CLK1 3 

PDGFRA (PDGFR alpha) -4 PDGFRA (PDGFR alpha) 3 

MAP3K10 (MLK2) -2 MAP3K10 (MLK2) 3 

IGF1R 1 IGF1R 3 

SRPK1 2 SRPK1 2 

CDK13/cyclin K -4 CDK13/cyclin K 2 

FLT1 (VEGFR1) -2 FLT1 (VEGFR1) 2 

PIK3C2A (PI3K-C2 alpha) -9 PIK3C2A (PI3K-C2 alpha) 2 

FRAP1 (mTOR) 2 FRAP1 (mTOR) 1 

CDK6/cyclin D1 -4 CDK6/cyclin D1 1 

MAP3K19 (YSK4) 1 MAP3K19 (YSK4) 1 

MAP3K14 (NIK) 0 MAP3K14 (NIK) 1 

PIK3C2G (PI3K-C2 gamma) -2 PIK3C2G (PI3K-C2 gamma) 1 

PRKCA (PKC alpha) 1 PRKCA (PKC alpha) 1 

AXL -1 AXL 0 

ROCK2 1 ROCK2 0 

DAPK3 (ZIPK) 1 DAPK3 (ZIPK) 0 

CDK7/cyclin H/MNAT1 -6 CDK7/cyclin H/MNAT1 0 

MAPK8 (JNK1) 0 MAPK8 (JNK1) 0 

PRKCI (PKC iota) 6 PRKCI (PKC iota) -1 

SGK (SGK1) 0 SGK (SGK1) -1 
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DAPK1 -3 DAPK1 -1 

NTRK1 (TRKA) 1 NTRK1 (TRKA) -2 

MAPKAPK2 -1 MAPKAPK2 -2 

PIK3CG (p110 gamma) -19 PIK3CG (p110 gamma) -2 

PAK1 -2 PAK1 -3 

AKT1 (PKB alpha) -3 AKT1 (PKB alpha) -3 

FLT3 -3 FLT3 -4 

MAPK1 (ERK2) -3 MAPK1 (ERK2) -4 

ROCK1 -5 ROCK1 -4 

GSK3A (GSK3 alpha) -4 GSK3A (GSK3 alpha) -4 

PRKCE (PKC epsilon) 1 PRKCE (PKC epsilon) -4 

JAK3 -8 JAK3 -5 

MET (cMet) -6 MET (cMet) -6 

JAK1 -8 JAK1 -7 

JAK2 -9 JAK2 -7 

TEK (Tie2) -9 TEK (Tie2) -8 

SYK -8 SYK -9 

IRAK4 -9 IRAK4 -11 

IRAK1 -13 IRAK1 -11 
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Supplementary Table 2. Low energy conformational energy profiles of 3, 4, PP1 (5), and 6. All 

structures were optimized in the gas phase using density functional theory (RB3LYP) with the  

6-31G(d) basis set as implemented in the Gaussian 092 suite of programs. The indicated 

dihedral angle was frozen every 5 degrees while the rest of the structure was minimized and 

energies were recorded. All energies are reported in kcal/mol with respect to the global 

minimum of each inhibitor.   

 3 4  5  6  

Dihedral 
Angle 

Energy (kcal/mol)  
(-657804.6 min.) 

Energy (kcal/mol) 
(-633321.9 min.) 

Energy (kcal/mol)  
(-561579.5 min.) 

Energy (kcal/mol)  
(-526703.0 min.) 

-180 20.7 14.95 4.68 7.23 

-175 17.3 12.47 3.74 6.00 

-170 14.61 10.11 2.83 4.76 

-165 11.78 7.98 2.01 3.60 

-160 9.30 6.10 1.30 2.57 

-155 7.16 4.50 0.74 1.70 

-150 5.35 3.17 0.34 1.01 

-145 3.85 2.09 0.09 0.50 

-140 2.62 1.25 0.00 0.17 
-135 1.66 0.65 0.07 0.02 

-130 0.96 0.27 0.27 0.02 

-125 0.47 0.07 0.55 0.13 

-120 0.16 0.02 0.91 0.34 

-115 0.01 0.10 1.33 0.64 

-110 0.00 0.27 1.76 0.98 

-105 0.07 0.52 2.13 1.30 

-100 0.15 0.74 2.44 1.56 

-95 0.22 0.89 2.64 1.75 

-90 0.22 0.98 2.71 1.82 

-85 0.21 0.97 2.61 1.74 
-80 0.12 0.83 2.40 1.74 

-75 0.07 0.63 2.10 1.56 

-70 0.04 0.39 1.73 1.30 

-65 0.11 0.18 1.33 1.01 

-60 0.30 0.04 0.94 0.69 

-55 0.68 0.00 0.60 0.39 

-50 1.25 0.07 0.32 0.17 

-45 2.03 0.29 0.11 0.04 

-40 3.01 0.67 0.01 0.00 

-35 4.22 1.24 0.04 0.08 

-30 5.67 2.01 0.21 0.32 
-25 7.36 2.98 0.52 0.72 

-20 9.30 4.15 0.98 1.29 

-15 11.47 5.52 1.59 2.02 

-10 13.87 7.09 2.34 2.92 

-5 15.7 8.85 3.21 3.96 

0 18.4 10.78 4.17 5.12 
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Supplementary Table 3. Protein Data Bank ligand conformation analysis.  Relative angles 

were used for Fig. 4 in manuscript. 

PDB ID Protein 
Chemical 

ID 
Scaffold Angle 

Relative 
Angle 

Aryl 
substitution 

Position 

6G6W PI3Kd EO5 PPY 142.73 -37.27 sulfonamide m 

3FI4 p38 FI4 PP 114.2 -65.8 Cl o 

4WG4 CDPK1 UWB PP 62.11 -117.89 napth m 

4U8Z MST3 3FE PPY 51.24 -128.76 CN m 

4WG3 CDPK1 UWA PP 50.69 -129.31 napth m 

4N4S ERk2 2H1 PP 48.32 -131.68 Me m 

6HJJ Aurora G7T PP 46.34 -133.66 Me o 

4W8E MST3 3JB PPY 42.94 -137.06 CN m 

4GKH APH(3')-la 0J9 PP 34.17 -145.83 napth o 

5OP5 CHK1 3FE PPY 29.16 -150.84 CN m 

4IH8 CDPK1 B43 PPY -10.28 -10.28 OPh p 

2WXK PI3Kd RW4 PP -31.21 -31.21 benathiozole m 

2WXJ PI3Kd RW3 PP -33.81 -33.81 benathiozole m 

4HCU ITK 13L PP -37.1 -37.1 amide m 

4HCV ITK 13J PP -39.21 -39.21 amide m 

4HCT ITK 18R PP -40.02 -40.02 amide m 

5HZN IGFR1 66A PPY -41.17 -41.17 Obz m 

3ENE PI3Kg NPZ PP -45.42 -45.42 napth m 

2V4L PI3Kg ABJ PP -47.76 -47.76 OH m 

3EL8 Src PD5 PP -48.75 -48.75 anilide p 

5HHW IGFR1 60O PPY -49.29 -49.29 O-alkyl m 

4CMG PTR1 UHX PPY -50.16 -50.16 OMe p 

2WXG PI3Kd ZZN PP -50.86 -50.86 F m 

4CMA PTR1 M2N PPY -52.11 -52.11 H p 

4CMC PTR1 VS8 PPY -52.29 -52.29 H p 

2WXH PI3Kd ZZO PP -53.93 -53.93 F m 

4X7O PERK 3Z6 PPY -54.3 -54.3 indoline m 

6HJK Aurora G7W PP -57.19 -57.19 anilide p 

4M7I PERK 27D PPY -58.92 -58.92 F o 

4G31 PERK 0WH PPY -59.27 -59.27 indoline m 

4CME PTR1 KTZ PPY -62.33 -62.33 H p 

5SWH Src (V231C) 71D PPY -90.5 -90.5 Cl p 

4D9U Rsk2 0JH PPY -97.04 -97.04 Me p 

5T0P Src 73A PPY -98.38 -98.38 Cl p 

2BRO Chk1 DF2 PPY -98.54 -98.54 H p 

4D9T Rsk2 0JG PPY -102.83 -102.83 Me p 

2BRM Chk1 DFZ PPY -106.44 -106.44 H p 

3EN5 Src KS4 PP -106.94 -106.94 OMe m 

3QLF Src (L317I) PD5 PP -108.34 -108.34 anilide p 

3SXS BMX PP2 PP -109.29 -109.29 Cl p 

2ZV9 Lyn PP2 PP -111.27 -111.27 Cl p 

5FM3 Ret PP1 PP -111.74 -111.74 Me p 

3GEQ Src PP2 PP -112.99 -112.99 Cl p 

4IFG CDPK1 1E8 PP -116.22 -116.22 OPh p 

2C0I Hck L1G PP -116.57 -116.57 OMe m 

2IVV Ret PP1 PP -116.87 -116.87 Me p 

2C0O Hck L2G PP -117.02 -117.02 OMe m 

5FM2 Ret PP1 PP -117.04 -117.04 Me p 

5YU9 Egfr (T790M) 1E8 PP -117.54 -117.54 OPh p 

5GNK Egfr (T790M) 80U PP -119.31 -119.31 Cl m 

1QPE Lck PP2 PP -119.4 -119.4 Cl p 

5P9J Btk 8E8 PP -119.57 -119.57 OPh p 

4LUE Hck VSE PPY -119.59 -119.59 OPh p 

5ZJ6 Hck VSE PPY -120.13 -120.13 OPh p 

5P9I Btk 1E8 PP -120.41 -120.41 OPh p 

5J9Y Egfr (T790M) 6HL PP -120.67 -120.67 napth m 

4CMJ PTR1 UIH PPY -120.74 -120.74 H p 

3GEN Btk B43 PPY -121.03 -121.03 OPh p 

3EN7 Src ABJ PP -121.4 -121.4 OH m 

3SX9 CDPK1 BK7 PP -121.96 -121.96 napth m 

3UQF Src BK5 PP -121.97 -121.97 napth m 
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1QCF Hck PP1 PP -122.62 -122.62 Me p 

1YOL Src S03 PPY -122.67 -122.67 OMe m 

5TEH RORg S56 PPY -122.82 -122.82 OPh p 

3VS6 Hck VSH PP -123.28 -123.28 OMe m 

4YHF Btk 4C9 PP -123.98 -123.98 OPh p 

3VS4 Hck VSF PPY -124.03 -124.03 OPh p 

5H0G Hck OOU PPY -124.26 -124.26 OPh p 

3V5T CDPK1 UW9 PP -124.27 -124.27 napth m 

2C0T Hck L3G PP -124.47 -124.47 OMe m 

4MXA CDPK1 BK7 PP -124.95 -124.95 napth m 

3T3U CDPK1 BK6 PP -125.23 -125.23 napth m 

3VRY Hck B43 PPY -125.32 -125.32 OPh p 

3V5P CDPK1 C88 PP -125.71 -125.71 Me m 

4DGG Src I76 PP -125.76 -125.76 napth m 

3EN6 Src KS5 PP -126.51 -126.51 Isoquinoline m 

4CM4 PTR1 4NR PPY -127.15 -127.15 F p 

3I7C CDPK1 BK2 PP -127.29 -127.29 napth m 

5H09 Hck OOO PPY -127.63 -127.63 OPh p 

5H0E Hck OOS PPY -127.81 -127.81 OPh p 

5H0B Hck OOQ PPY -127.85 -127.85 OPh p 

4K11 Src (T338G) 0J9 PP -127.97 -127.97 napth o 

3VS1 Hck VSA PPY -128.02 -128.02 urea p 

3SXF CDPK1 BK5 PP -128.31 -128.31 napth m 

4CM3 PTR1 KP2 PPY -128.7 -128.7 H p 

3VS0 Hck VS0 PPY -128.89 -128.89 anilide p 

3V51 CDPK1 I76 PP -130.14 -130.14 napth m 

4TZR CDPK1 UW2 PP -130.36 -130.36 Isoquinoline m 

3T3V CDPK1 BK4 PP -130.37 -130.37 napth m 

5H0H Hck OOV PPY -130.55 -130.55 OPh p 

4EWH Ack1 T77 PPY -130.82 -130.82 H p 

4CMB PTR1 UEN PPY -130.85 -130.85 F p 

3BHM CBR1 AB3 PP -130.91 -130.91 OH m 

3VS3 Hck VSE PPY -131.14 -131.14 OPh p 

3VRZ Hck VRZ PPY -131.65 -131.65 urea p 

2YM5 Chk1 YM5 PPY -132.5 -132.5 MeOH m 

4JBV CDPK1 V68 PP -132.55 -132.55 napth m 

1WMA Cbr1 AB3 PP -132.64 -132.64 OH m 

5GTY Egfr (T790M) 816 PP -132.66 -132.66 Cl m 

3BHJ CBR1 AB3 PP -133.06 -133.06 OH m 

2BRN Chk1 DF1 PPY -133.19 -133.19 H p 

5UNP CLK2 8FY PPY -136.4 -136.4 Isoquinoline m 

4CM1 PTR1 IQW PPY -137.94 -137.94 Me p 

4MX9 CDPK1 2E8 PP -139.39 -139.39 napth m 

6BFA CDPK1 UW5 PP -143.27 -143.27 napth m 

3VS5 Hck VSG PPY -143.66 -143.66 OPh p 

3VS2 Hck VSB PPY -150.1 -150.1 OPh p 

4FEV APH(3')-la PP1 PP -174.95 -174.95 Me p 

4FEW APH(3')-la PP2 PP -179.78 -179.78 Cl p 
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III. General Information 
 
H and C NMR spectra were recorded on Varian VNMRS 400 MHz, Varian Inova 500 MHz, and 
Bruker Avance III 600 MHz spectrometers at 25 ⁰C. All chemical shifts were reported in parts per 
million (ppm) and were internally referenced to residual protio solvents unless otherwise noted.  
Spectral data were reported as follows: chemical shift (multiplicity [singlet (s), doublet (d), triplet 
(t), quartet (q), pentet (p), and multiplet (m)], coupling constants [Hz], integration). Carbon spectra 
were recorded with complete proton decoupling. Conventional mass spectra were obtained using 
Advion Expression CMS (APCI and ASAP). All chemicals used in the synthesis of substrates 
were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros Organics, Strem, Oakwood, 
Matrix Scientific, or Fisher Scientific and were used as received without further purification, unless 
specifically noted. All normal phase flash column chromotagraphy (FCC) was performed using 
Grade 60 Silca Gel (230-400 mesh) purchased from Fisher Scientific or performed on a Biotage 
Isolera One with a Biotage SNAP cartridge (KP-SIL- 10-50g).  Preparative Thin Layer 
Chromatography (TLC) plates contained grade 60 silica-gel coated with fluorescent indicator F254. 
Atropisomerically stable compounds were isolated via chiral HPLC using an Agilent 1100 series 
HPLC.  CHIRALPAK IA column were purchased from Diacel Technologies Corporation.  
Monowave 400 by Anton Paar was used for all microwave reactions in 10G or 30G reactor 
vessels.   
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IV. Substrate Preparation 
 
Scheme 1: 

 
 
Scheme 2: 
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Preparation of 7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine: 

 

 
5-allylpyrimidine-4,6-diol:  
Prepared following a modified literature procedure3.  A solution of sodium methoxide (6 eq) in 
methanol (0.25M) was treated with formamidine hydrochloride (1.1 eq.) and stirred for 5 minutes 
open to air. Diethylallylmalonate (19.2 g, 95.9 mmol, 1 eq) was then added to the reaction mixture 
and stirred at room temperature for 2 days.  The methanol was then evaporated in vacuo. The 
crude solid was dissolved in minimal DI water and brought to pH 5 using concentrated HCl.  The 
solids were filtered, washed with DCM, and dried affording 10 g of 5-allylpyrimidine-4,6-diol (69% 
yield). The 1H NMR matched those reported in literature4. 
 

 
5-allyl-4,6-dichloropyrimidine:  
Prepared following a modified literature procedure3.  5-allylpyrimidine-4,6-diol (10 g, 65.7 mmol, 
1 eq.) was treated with POCl3 (0.8 M). The mixture was refluxed (110⁰C) for overnight and then 
cooled to room temperature.  The reaction mixture was quenched by pouring the mixture slowly 
into a large beaker stirring ice and DI water.  The mixture was extracted with dichloromethane.  
The organic layer was washed with saturated aqueous NaHCO3 and brine, dried of sodium 
sulfate, filtered and concentrated to afford 11.15 g of 5-allyl-4,6-dichloropyrimidine as a light 
yellow oil (90% yield). The 1H NMR matched those reported in literature4. 
 

  
2-(4,6-dichloropyrimidin-5-yl)acetaldehyde:  
Prepared following a modified literature procedure3.  5-allyl-4,6-dichloropyrimidine (11.15 g, 59.0 
mmol, 1.0 eq.) was added to a 1:1 mixture of acetone and water (0.2 M) at room temperature. 
Potassium osmate dihydrate was added (0.02 eq.) followed by addition of sodium meta-periodate 
(3.5 eq.). The reaction mixture was stirred at room temperature overnight.  The suspension was 
then filtered off and acetone was removed from the filtrate in vacuo.  The desired product was 
extracted from the aqueous layer with dichloromethane.  The organic layer was then washed with 
10% sodium thiosulfate and brine, dried over sodium sulfate, filtered and concentrated to afford 
10 g of 2-(4,6-dichloropyrimidin-5-yl)acetaldehyde as a light amber solid (89% yield). The 1H NMR 
matched those reported in literature4. 
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7-(tert-butyl)-4-chloro-7H-pyrrolo[2,3-d]pyrimidine:  
Prepared following a modified literature procedure3.  2-(4,6-dichloropyrimidin-5-yl)acetaldehyde 
(10 g, 52.6 mmol, 1 eq.) was dissolved in ethanol (0.4 M).  Triethylamine (2 eq.) was then added 
to the reaction mixture and stirred for ten minutes at room temperature.  Tert-butylamine (1.5 eq.) 
was then added to the reaction mixture and refluxed (90 ⁰C) overnight.  The reaction mixture was 
evaporated in vacuo and partitioned in brine and ethyl acetate.  The organic layer was collected 
and concentrated.  The organic extract was then purified by FCC (gradient of hexanes:ethyl 
acetate (97:3 to 90:10) to yield 7 g of 7-(tert-butyl)-4-chloro-7H-pyrrolo[2,3-d]pyrimidine as a 
yellow oil (63% yield). The 1H NMR matched those reported in literature5. 
 

 
7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine:  
Prepared following a modified literature procedure3. 7-(tert-butyl)-4-chloro-7H-pyrrolo[2,3-
d]pyrimidine (7g, 33.1 mmol, 1 eq.) was dissolved in dichloromethane (0.1M) at r.t.. 
Triphenylphosphinesulfide (0.1 eq.) was then added and the reaction was stirred for five minutes 
followed by the addition of N-Iodosuccinimide (1.2 equiv.).  The reaction mixture was then stirred 
at room temperature for one hour.  The reaction mixture was then partitioned between 1:1 
dichloromethane:sodium hydroxide and the organic layer was collected and concentrated.  The 
organic extract was then purified using FCC gradient of hexanes:ethyl acetate (97:3 to 92:8) to 
yield 8.6 g of 7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine as a white solid (78% 
yield). The 1H NMR matched those reported in literature6. 
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Preparation of 7-(alkyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine: 

 

 
4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine:  
To 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (1.00 g, 6.5 mmol, 1.0 eq) NIS (1.61 g, 7.15 mmol, 1.1 
eq) was added and stirred for 30 minutes in DMF (2.6 M). The product was recrystallized from 
DMF by the addition of water to yield 1.27 g of 4-chloro-3-iodo-7Hpyrrolo[2,3-d]pyrimidine as a 
yellow solid (100% yield). 1H NMR matched the literature7

. 
 

 
4-chloro-5-iodo-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine:  
To 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (5.59 g, 20.03 mmol, 1.0 eq) was Cs2CO3 (9.79 g, 
30.05 mmol, 1.5 eq) added and dissolved into 55.9 mL DMF. After 3 minutes, 2-iodopropane (2.20 
mL, 22.04 mmol, 1.1 eq) was added. The reaction was left to stir overnight. The product was 
recrystallized from DMF by the addition of water to yield 6.44 g of pure 4-chloro-5-iodo-7-
isopropyl-7H-pyrrolo[2,3-d]pyrimidine as a yellow solid (100% yield). 1H NMR matched the 
literature7. 
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Preparation of 7-(alkyl)-4-chloro-5-iodo-6-methyl-7H-pyrrolo[2,3-d]pyrimidine 

 

 
1-(4,6-dichloropyrimidin-5-yl)propan-2-ol:  
2-(4,6-dichloropyrimidin-5-yl)acetaldehyde (1.26 g, 6.60 mmol, 1.0 eq) was dissolved into 33 mL 
THF under Argon atmosphere. The reaction flask was cooled down to -78oC.  
Methylmagnesiumbromide (3M solution in diethyl ether) (5.5 mL, 16.50 mmol, 2.5 eq) was added 
dropwise and let stir for 1.5hr at -78oC. Saturated aqueous ammonium chloride solution was 
added to quench the reaction and allowed to warm to room temperature. The reaction mixture 
was partitioned in ethyl acetate and brine.  The organic layer was dried over sodium sulfate and 
concentrated.  The crude extract was purified via FCC (8:2 Hex:EtAc gradient) to yield 533 mg of 
pure 1-(4,6-dichloropyrimidin-5-yl)propan-2-ol as a white solid (39% yield).  
1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H), 4.24 – 4.17 (m, 1H), 3.10 (dd, J = 13.8, 8.4 Hz, 1H), 
2.98 (dd, J = 13.7, 5.0 Hz, 1H), 2.11 (s, 1H), 1.31 (d, J = 6.2 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 162.43, 155.67, 130.71, 66.65, 39.30, 23.93. 
MS (APCI) Calculated: C7H9Cl2N2O [M+H]+ 207.0 Found: 207.0 m/z 
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1-(4,6-dichloropyrimidin-5-yl)propan-2-one:  
To 1-(4,6-dichloropyrimidin-5-yl)propan-2-ol (2.20 g, 10.6 mmol, 1.0 eq) was Dess-Martin reagent 
(9 g, 21.3 mmol, 2 eq) added and dissolved into 21 ml of DCM. The reaction was left to stir 
overnight. The reaction mixture was partitioned in DCM, sodium thiosulfate (aq.) and sodium 
bicarbonate (aq.) The organic layer was dried over sodium sulfate and concentrated.  The crude 
extract was purified via FCC (8:2 Hex:EtAc) to yield 1.74 g of pure 1-(4,6-dichloropyrimidin-5-
yl)propan-2-one as a white solid (80% yield).  
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 4.07 (s, 2H), 2.32 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 200.72, 162.39, 156.50, 127.26, 44.55, 30.01. 
MS (APCI) Calculated: C7H7Cl2N2O [M+H]+ 205.0 Found: 204.9 m/z 
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4-chloro-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidine:  
To 1-(4,6-dichloropyrimidin-5-yl)propan-2-one (600 mg, 2.94 mmol, 1.0 eq) were isopropylamine 
(290 ul, 3.38 mmol, 1.15 eq) and diisopropylethylamine (768 ul, 4.4 mmol, 1.5 eq) added and 
dissolved into 5.9 mL EtOH. The solution was stirred at 90oC overnight.  The reaction mixture was 
concentrated and the crude extract was purified by FCC (9:1 Hex: EtAc) to yield 415 mg of pure 
4-chloro-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidine as a yellow solid (67% yield).  
1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 6.28 (d, J = 1.0 Hz, 1H), 4.87 – 4.76 (m, 1H), 2.49 (d, 
J = 0.9 Hz, 3H), 1.65 (d, J = 7.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 151.63, 149.94, 148.96, 138.89, 117.53, 97.83, 47.65, 21.35, 14.21. 
MS (APCI) Calculated: C10H13ClN3 [M+H]+ 210.1 Found: 210.0 m/z 
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1-(4-(tert-butylamino)-6-chloropyrimidin-5-yl)propan-2-one:  
To 1-(4,6-dichloropyrimidin-5-yl)propan-2-one (600 mg, 2.94 mmol, 1.0 eq) were tert-butylamine 
(355 ul, 3.38 mmol, 1.15 eq) and diisopropylethylamine (768 ul, 4.4 mmol, 1.5 eq) added and 
dissolved into 5.9 mL EtOH. The solution was stirred at 90oC overnight.  The reaction mixture was 
concentrated and the crude extract was purified by FCC (9:1 Hex: EtAc) to yield 270 mg of pure 
1-(4-(tert-butylamino)-6-chloropyrimidin-5-yl)propan-2-one as a yellow solid (38% yield).  
1H NMR (400 MHz, CDCl3) δ 8.26 (s, 1H), 5.67 (s, 1H), 3.65 (s, 2H), 2.26 (s, 3H), 1.45 (s, 9H).  
13C NMR (101 MHz, CDCl3) δ 153.34, 149.80, 148.14, 140.70, 117.71, 100.80, 61.05, 30.81, 
19.18. 
MS (APCI) Calculated: C11H17ClN3O [M+H]+ 242.1 Found: 242.1 m/z 
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SI-29 

 
7-(tert-butyl)-4-chloro-6-methyl-7H-pyrrolo[2,3-d]pyrimidine:  
To 1-(4-(tert-butylamino)-6-chloropyrimidin-5-yl)propan-2-one (204 mg, .844 mmol, 1.0 eq) was 
acetic acid (120 ul, 2.1 mmol, 2.5 eq) added and dissolved into 17 mL EtOH. The solution was 
reacted in a microwave reactor at 120oC for 1 hour. The solvent was removed and the crude 
extract was purified by FCC (9:1 Hex:EtAc) to yield 117 mg of pure 7-(tert-butyl)-4-chloro-6-
methyl-7H-pyrrolo[2,3-d]pyrimidine as a white solid (62% yield).  
1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 6.28 (s, 1H), 2.65 (s, 3H), 1.89 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 153.34, 149.80, 148.15, 140.69, 117.71, 100.81, 61.05, 30.82, 
19.19. 
MS (APCI) Calculated: C11H15ClN3 [M+H]+ 224.1 Found: 224.1 m/z 
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4-chloro-5-iodo-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidine:  
4-chloro-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidine (390 mg, 1.86 mmol, 1 eq.) was added 
to N-Iodosuccinimide (502 mg, 2.23 mmol, 1.2 eq.) and dissolved in 12.4 mL of DMF at r.t.. The 
reaction mixture was then stirred at room temperature overnight.  The reaction mixture was then 
partitioned between 10% sodium thiosulfate and EtAc, the organic layer was then washed with 
brine. Then the organic layer was collected, dried over sodium sulfate, and concentrated.  The 
organic extract was then purified using FCC (Hex:EtAc (9.5: 0.5) to yield 497 mg of 7-(tert-butyl)-
4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine as a white solid (80% yield).  
1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 5.00 – 4.89 (m, 1H), 2.57 (s, 3H), 1.65 (d, J = 7.0 Hz, 
6H). 
13C NMR (101 MHz, CDCl3) δ 151.49, 150.80, 148.97, 140.62, 117.10, 54.17, 49.23, 21.36, 15.22. 
MS (APCI) Calculated: C10H12ClIN3 [M+H]+ 336.0 Found: 336.0 m/z 
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7-(tert-butyl)-4-chloro-5-iodo-6-methyl-7H-pyrrolo[2,3-d]pyrimidine 
To 7-(tert-butyl)-4-chloro-6-methyl-7H-pyrrolo[2,3-d]pyrimidine (110 mg, .49 mmol, 1 eq.) was 
added to N-Iodosuccinimide (132 mg, .59 mmol, 1.2 eq.) and dissolved in 3.3 mL of DMF at r.t.. 
The reaction mixture was then stirred at room temperature overnight.  The reaction mixture was 
then partitioned between 10% sodium thiosulfate and EtAc, the organic layer was then washed 
with brine. Then the organic layer was collected, dried over sodium sulfate, and concentrated.  
The organic extract was then purified using FCC (Hex:EtAc (9.5: 0.5) to yield 159 mg of 7-(tert-
butyl)-4-chloro-5-iodo-6-methyl-7H-pyrrolo[2,3-d]pyrimidine as a white solid (93% yield).   
1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 2.75 (s, 3H), 1.90 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 153.15, 150.79, 147.93, 141.61, 117.50, 62.86, 58.67, 31.27, 19.97. 
MS (APCI) Calculated: C11H14ClIN3 [M+H]+ 350.0 Found: 350.0 m/z 
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General procedure for the cross coupling of aryl boronic acids to pyrrolopyrimidines (1a-
4a, SI_1a, and SI_2a): 

 
Iodinated pyrrolopyrimidine was combined with boronic acid (1.2 equiv), Pd(Ph3)4 (0.1 equiv.) and 
K2CO3 (2.5 equiv).  Upon purging with argon gas, the mixture was dissolved in a 3:1 mixture of 
degassed dioxane/DI water (0.25M) and kept under inert argon atmosphere.  The reaction mixture 
was heated at 90⁰C for 18 hours. The reaction mixture was dissolved in 4:6 DI water: ethyl acetate 
and the organic layer was collected and concentrated.  The organic extract was then purified 
using FCC (gradient of hexanes: ethyl acetate 95:5 to 90:10) to yield 1a-4a, SI_1a and SI_2a (34-
79% yields). 
 

 
4-chloro-5-(2-chloro-5-methoxyphenyl)-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine (1a):   
Following the general procedure: 4-chloro-5-iodo-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine (1.5 g, 
4.66 mmol, 1.0 eq), was coupled with (2-chloro-5-methoxyphenyl)boronic acid. The mixture was 
thoroughly purged with vacuum then argon. Workup and purification were followed according to 
the general procedure to afford 900mg (57% yield) of 1a as a yellowish-orange solid.  
1H NMR (500 MHz, CDCl3) δ 8.66 (s, 1H), 7.38 (d, J = 8.8 Hz, 1H), 7.37 (s, 1H), 6.95 (d, J = 3.0 
Hz, 1H), 6.89 (dd, J = 8.8, 3.0 Hz, 1H), 5.21 (hept, J = 6.8 Hz, 1H), 3.83 (s, 3H), 1.59 (d, J = 6.8 
Hz, 6H) 
13C NMR (101 MHz, CDCl3) δ 157.85, 152.03, 150.53, 150.27, 132.85, 130.08, 126.61, 125.56, 
118.48, 115.96, 115.10, 113.49, 55.75, 47.05, 22.85 
MS (APCI) Calculated: C16H16Cl2N3O [M+H]+ 336.1 Found: 336.0 m/z 
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4-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (2a):   
Following the general procedure: 4-chloro-5-iodo-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine (954 
mg, 2.97 mmol, 1.0 eq), was coupled with napthalen-1-ylboronic acid. The mixture was thoroughly 
purged with vacuum then argon. Workup and purification was followed according to the general 
procedure to afford 754 mg (79% yield) of 2a as a light yellow solid. The 1H NMR matched those 
reported in literature.8 
 

 
4-(7-(tert-butyl)-4-chloro-6-methyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)isoquinoline (3a):   
Following the general procedure: 7-(tert-butyl)-4-chloro-5-iodo-6-methyl-7H-pyrrolo[2,3-
d]pyrimidine (120 mg, .343 mmol, 1.0 eq), was coupled with isoquinolin-4-ylboronic acid. The 
mixture was thoroughly purged with vacuum then argon. Workup and purification were followed 
according to the general procedure to afford 41 mg (34% yield) of 3a as a white solid.  
1H NMR (400 MHz, CDCl3) δ δ 9.31 (s, 1H), 8.59 (s, 1H), 8.45 (s, 1H), 8.08 – 8.02 (m, 1H), 7.64 
– 7.60 (m, 2H), 7.46 – 7.41 (m, 1H), 2.39 (s, 3H), 2.00 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 152.89, 152.41, 150.48, 148.52, 145.44, 139.26, 136.70, 130.67, 
128.12, 127.86, 127.27, 125.36, 124.98, 117.24, 108.67, 61.82, 31.09, 16.23. 
MS (APCI) Calculated: C20H20ClN4 [M+H]+ 351.1 Found: 351.1 m/z 
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4-(7-(tert-butyl)-4-chloro-7H-pyrrolo[2,3-d]pyrimidin-5-yl)isoquinoline (4a):   
Following the general procedure: 7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (970 
mg, 2.88 mmol, 1.0 eq), was coupled with isoquinolin-4-ylboronic acid. The mixture was 
thoroughly purged with vacuum then argon. Workup and purification were followed according to 
the general procedure to afford 471 mg (49% yield) of 4a as an orange solid.  
1H NMR (400 MHz, CDCl3) δ 9.32 (s, 1H), 8.69 (s, 1H), 8.52 (s, 1H), 8.10 – 8.06 (m, 1H), 7.71 – 
7.64 (m, 3H), 7.49 (s, 1H), 1.88 (s, 9H) 
13C NMR (101 MHz, CDCl3) δ 152.38, 151.77, 151.53, 149.91, 143.13, 136.86, 131.27, 128.10, 
128.06, 127.81, 127.37, 125.81, 125.52, 117.91, 108.64, 58.48, 29.41 
MS (APCI) Calculated: C19H18ClN4 [M+H]+ 337.1 Found: 337.2 m/z 
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3-(7-(tert-butyl)-4-chloro-7H-pyrrolo[2,3-d]pyrimidin-5-yl)phenol (SI_1a): 
Following the general procedure: 7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (450 
mg, 1.34 mmol, 1.0 eq), was coupled with (3-hydroxyphenyl)boronic acid. The mixture was 
thoroughly purged with vacuum then argon. Workup and purification was followed according to 
the general procedure to afford 313 mg (77% yield) of SI_1a as a white solid.  
1H NMR (500 MHz, CDCl3) δ 8.64 (s, 1H), 7.39 (s, 1H), 7.29 - 7.26 (m, 1H), 7.04 - 7.02 (m, 2H), 
6.92 – 6.88 (m, 1H), 1.82 (s, 9H) 
13C NMR (101 MHz, CDCl3) δ 155.78, 151.67, 151.44, 148.84, 134.54, 129.28, 126.59, 122.48, 
117.75, 116.11, 115.59, 114.66, 58.30, 29.38 
MS (APCI) Calculated: C16H17ClN3O [M+H]+ 302.1 Found: 302.0 m/z 

 



 

SI-42 
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4-(4-chloro-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidin-5-yl)isoquinoline (SI_2a):   
Following the general procedure: 4-chloro-5-iodo-7-isopropyl-6-methyl-7H-pyrrolo[2,3-
d]pyrimidine (100 mg, .298 mmol, 1.0 eq), was coupled with isoquinolin-4-ylboronic acid. The 
mixture was thoroughly purged with vacuum then argon. Workup and purification were followed 
according to the general procedure to afford 64 mg (49% yield) of SI_2a as a yellow-white solid.  
1H NMR (500 MHz, CDCl3) δ 9.32 (s, 1H), 8.59 (s, 1H), 8.47 (s, 1H), 8.08 – 8.04 (m, 1H), 7.65 – 
7.61 (m, 2H), 7.52 – 7.47 (m, 1H), 4.99 (dq, J = 13.8, 7.0 Hz, 1H), 2.29 (s, 3H), 1.79 – 1.76 (m, 
6H). 
13C NMR (101 MHz, CDCl3) δ 152.31, 151.53, 150.65, 149.54, 145.05, 137.85, 136.82, 130.92, 
128.05, 127.51, 125.19, 117.12, 106.84, 48.39, 21.55, 12.07. 
MS (APCI) Calculated: C19H18ClN4 [M+H]+ 337.1 Found: 337.2 m/z 
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General procedure of the amination of pyrrolopyrimidines (1b, 2b, 3, 4b, SI_1b, and SI_2): 

 
1b, 2b, 3, 4, SI_1b, and SI_2 was dissolved in a 2:1 mixture of dioxane and 28% ammonium 
hydroxide (35 eq.) and placed in a microwave reaction vessel equipped with a stir bar.  The vessel 
was placed in Monowave 400 by Anton Paar and heated to 155⁰C over 20min, and then held at 
155⁰C for 3 hours and 30 minutes.  Upon cooling to room temperature the precipitate was filtered 
and washed with DI water and a mixture of 9:1 hexanes:ethyl acetate.  The solids were dried, 
yielding 1b, 2b, 3, 4, SI_1b, and SI_2 in (60-88% yield).  
 
 

 
5-(2-chloro-5-methoxyphenyl)-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (1b):   
Following the general procedure: 1a (702mg, 2.09 mmol, 1 eq.) was dissolved in a 2:1 mixture of 
dioxane and 28% ammonium hydroxide (35 eq.). The reaction proceeded according to the general 
procedure. Workup and purification were followed according to the general procedure to afford 
512 mg of 1b (77% yield) as a white crystalline solid.  
1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 7.40 (d, J = 8.8 Hz, 1H), 7.12 (s, 1H), 6.94 (d, J = 3.1 
Hz, 1H), 6.86 (dd, J = 8.8, 3.1 Hz, 1H), 5.13 (s, 2H), 5.10 (p, 6.8 Hz, 1H), 3.81 (s, 3H), 1.53 (d, J 
= 6.8 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 158.41, 156.78, 151.37, 149.71, 134.32, 130.97, 125.39, 120.91, 
117.38, 114.98, 112.36, 102.21, 55.75, 46.05, 23.00. 
MS (APCI) Calculated: C16H18ClN4O [M+H]+  317.1 Found: 317.1 m/z 
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7-isopropyl-5-(napthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (2b):   
Following the general procedure: 2a (950 mg, 2.95 mmol, 1.0 eq.) was dissolved in a 2:1 mixture 
of dioxane and 28% ammonium hydroxide (35 eq.). The reaction proceeded according to the 
general procedure. Workup and purification were followed according to the general procedure to 
afford 784 mg of 2b (88% yield) as a white crystalline solid.  
1H NMR (400 MHz, CDCl3) δ 8.32 (s, 1H), 7.95 - 7.85 (m, 3H), 7.56 – 7.49 (m, 3H), 7.46 (t, J = 
7.5 Hz, 1H), 7.12 (s, 1H), 5.17 (hept, J = 6.6 Hz, 1H), 4.88 (s, 2H), 1.57 (t, J = 6.9 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 156.87, 151.34, 149.78, 133.98, 132.67, 132.21, 128.53, 128.45, 
128.29, 126.76, 126.39, 126.11, 125.60, 120.53, 113.48, 103.02, 46.01, 23.04 
MS (APCI) Calculated: C19H19N4 [M+H]+ 303.2 Found: 303.0 m/z 
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7-(tert-butyl)-5-(isoquinolin-4-yl)-6-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (3):   
Following the general procedure: 3a (40 mg, .114 mmol, 1 eq.) was dissolved in a 2:1 mixture of 
dioxane and 28% ammonium hydroxide (35 eq.). The reaction proceeded according to the general 
procedure. Workup and purification were followed according to the general procedure to afford 
32 mg of 3 as a white crystalline solid (85% yield).  
1H NMR (400 MHz, CDCl3) δ 9.31 (s, 1H), 8.52 (s, 1H), 8.26 (s, 1H), 8.06 (d, J = 7.0 Hz, 1H), 7.71 
– 7.59 (m, 3H), 4.41 (s, 2H), 2.30 (s, 3H), 1.97 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 155.67, 152.55, 152.02, 149.57, 145.17, 135.90, 133.63, 131.10, 
128.31, 127.90, 127.74, 126.53, 125.27, 107.49, 103.78, 60.76, 31.17, 15.92. 
MS (APCI) Calculated: C20H22N5 [M+H]+ 332.2 Found: 332.2 m/z 
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7-(tert-butyl)-5-(isoquinolin-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (4):   
Following the general procedure: 4a (337 mg, 1 mmol, 1 eq.) was dissolved in a 2:1 mixture of 
dioxane and 28% ammonium hydroxide (35 eq.). The reaction proceeded according to the general 
procedure. Workup and purification were followed according to the general procedure to afford 
213 mg of 4 as a white crystalline solid (67% yield).  
1H NMR (400 MHz, CDCl3) δ 9.28 (s, 1H), 8.55 (s, 1H), 8.33 (s, 1H), 8.07 (dd, J = 7.6, 1.7 Hz, 
1H), 7.85 (d, J = 8.5 Hz, 1H), 7.72 -7.7.67 (m, 2H), 7.22 (s, 1H), 4.94 (s, 2H), 1.85 (s, 9H) 
13C NMR (101 MHz, CDCl3) δ 156.29, 152.63, 150.72, 149.50, 144.18, 135.27, 131.36, 128.49, 
128.11, 127.94, 125.87, 125.11, 123.03, 108.32, 104.32, 57.73, 29.57 
MS (APCI) Calculated: C19H20N5 [M+H]+ 318.2 Found: 318.1 m/z 
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7-isopropyl-5-(isoquinolin-4-yl)-6-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (SI_2):   
Following the general procedure: SI_2a (60 mg, .179 mmol, 1 eq.) was dissolved in a 2:1 mixture 
of dioxane and 28% ammonium hydroxide (35 eq.). The reaction proceeded according to the 
general procedure. Workup and purification were followed according to the general procedure to 
afford 34 mg of SI_2 as a white crystalline solid (60% yield).  
1H NMR (400 MHz, CDCl3) δ 9.30 (s, 1H), 8.52 (s, 1H), 8.26 (s, 1H), 8.09 – 8.04 (m, 1H), 7.68 – 
7.64 (m, 3H), 5.03 – 4.94 (m, 1H), 4.65 (s, 2H), 2.22 (s, 3H), 1.73 (dd, J = 6.9, 5.6 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 155.63, 152.46, 150.39, 150.18, 144.95, 135.71, 132.36, 132.03, 
131.13, 128.46, 127.97, 127.76, 125.18, 105.95, 103.16, 47.36, 21.63, 11.75.  
MS (APCI) Calculated: C20H20N4 [M+H]+ 316.2 Found: 316.2 m/z 
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General procedure for the halogenation of aminated pyrrolopyrimidines (1c and 2c): 

 
1b and 2b was dissolved in dichloromethane (0.1M) at room temperature.  
Triphenylphosphinesulfide (0.1M) was then added and the reaction mixture was stirred for five 
minutes followed by the addition of N-bromosuccinimide (NBS) (1.2 equiv).  The reaction mixture 
was then stirred for 8 hours.  Upon completion (monitored by TLC), the reaction was partitioned 
between dichloromethane and sodium hydroxide.  The aqueous layer was backwashed 2x with 
dichloromethane, after which the organic layers were combined and dried with sodium sulfate.  
The combined organic layers were evaporated and purified by FCC (gradient of hexanes: ethyl 
acetate 80:20 to 60:40) affording 1c and 2c in 49-59% yields.  
 

 
6-bromo-5-(2-chloro-5-methoxyphenyl)-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(1c):  Following the general procedure:  1b (200 mg, .633 mmol, 1.0 eq) was reacted with NBS. 
Workup and purification were followed according to the general procedure to afford 123 mg (49% 
yield) of 1c as a maroon solid.  
1H NMR (400 MHz, CDCl3) δ 8.26 (s, 1H), 7.43 (d, J = 8.7 Hz, 1H), 6.94 (m, 2H), 5.11 (dt, J = 
14.5, 7.3 Hz, 1H), 4.99 (s, 2H), 3.82 (s, 3H), 1.73 (dd, J = 7.0, 4.7 Hz, 6H). 
13C NMR (101 MHz, CDCl3) 158.39, 155.34, 150.54, 150.00, 133.16, 130.89, 126.43, 117.80, 
116.19, 112.80, 110.52, 103.26, 55.80, 49.93, 21.38. 
MS (APCI) Calculated: C16H17BrClN4O [M+H]+ 395.0 Found: 395.0 m/z 



 

SI-56 

 
  



 

SI-57 

 
6-bromo-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (2c):   
Following the general procedure:  2b (900 mg, 2.97 mmol, 1.0 eq) was reacted with NBS. Workup 
and purification were followed according to the general procedure to afford 670mg (59% yield) of 
2c as a light amber solid.  
1H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H), 7.96 (t, J = 9.2 Hz, 2H), 7.61 (t, J = 7.2 Hz, 2H), 7.55-
7.50 (m, 2H), 7.50 – 7.45 (m, 1H), 5.23 – 5.14 (m, 1H), 5.07 (s, 2H), 1.79 (t, J = 6.9 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 155.20, 150.25, 149.99, 133.81, 132.27, 130.60, 129.31, 129.08, 
128.48, 126.88, 126.46, 125.83, 125.47, 113.29, 109.99, 103.84, 49.84, 21.33. 
MS (APCI) Calculated: C19H18BrN4 [M+H]+ 381.1 Found: 381.1 m/z 
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General procedure for the boc-protected pyrrolopyrimidines (1d and 2d): 

 

 
1c and 2c (1 equiv.) and DMAP (0.1 equiv) were dissolved in DCM in a vial equipped with a stir 
bar.   Boc2O (3 equiv.) was then added slowly to the stirring reaction mixture and stirred for 2 
hours at room temperature.  Upon completion the solvent was removed and the crude mixture 
was purified using FCC (gradient of hexanes: ethyl acetate 95:5 to 90:10) to yield 1d and 2d (62-
79%). 
 
 

 
Boc-protected 6-bromo-5-(2-chloro-5-methoxyphenyl)-7-isopropyl-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (1d): 
Following the general procedure: 1c (80 mg, .202 mmol, 1.0 eq) was reacted with DMAP and 
Boc2O in DCM. Workup and purification were followed according to the general procedure to 
afford 75 mg (62% yield) of 1d as a white solid.  
1H NMR (500 MHz, CDCl3) δ 8.78 (s, 1H), 7.35 (d, J = 9.6 Hz, 1H), 6.90 (m, 2H), 5.16 (dt, J = 
13.6, 6.8 Hz, 1H), 3.77 (s, 3H), 1.76 (dd, J = 8.5, 7.0 Hz, 6H), 1.34 (d, J = 24.4 Hz, 18H). 
13C NMR (126 MHz, CDCl3) δ 158.02, 152.76, 151.09, 150.51, 149.96, 132.25, 130.33, 126.62, 
118.54, 117.98, 115.43, 115.18, 112.51, 83.50, 55.62, 50.60, 27.93, 21.21, 21.17. 
MS (APCI) Calculated: C26H33BrClN4O5 [M+H]+ 595.1 Found: 595.2 m/z 
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Boc-protected 6-bromo-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (2d): 
Following the general procedure: 2c (500 mg, 1.31 mmol, 1.0 eq) was reacted with DMAP and 
Boc2O in DCM. Workup and purification were followed according to the general procedure to 
afford 600mg (79% yield) of 2d as a yellow-white solid.  
1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 7.93 – 7.87 (m, 2H), 7.58 (d, J = 8.4 Hz, 1H), 7.53 – 
7.43 (m, 3H), 7.39 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 5.22 (sept, J = 6.6 Hz, 1H), 1.82 (dd, J = 10.0, 
7.0 Hz, 6H), 1.41 (s, 9H), 0.81 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 152.94, 150.74, 150.55, 150.25, 150.13, 133.81, 132.18, 129.87, 
128.89, 128.54, 128.22, 126.50, 126.23, 125.86, 125.23, 117.88, 116.28, 113.05, 83.26, 83.04, 
50.50, 27.99, 27.17, 21.20, 21.14. 
MS (APCI) Calculated: C30H36BrN4O4 [M+H]+ 580.2 Found: 580.1 m/z 
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General procedure for the 6-methylated pyrrolopyrimidines (1 and 2): 
 

 
A vial with 1d and 2d (1 equiv.), Pd(I) dimer (0.075 equiv) and stir bar was evacuated and charged 
with argon.  Dry, degassed toluene (0.08M) was then added under argon.  MeMgI (4 equiv.) was 
added dropwise to the stirred solution over 3 minutes.  Product conversion was monitored by 
mass spectrometry and TLC.  If starting material still persists after 30 minutes, Pd(I) dimer (0.075 
equiv) and MeMgI (4 equiv) were added under argon. Upon consumption of starting material, the 
reaction mixture was diluted slightly with DCM and TFA (4 equiv.) was added.  The reaction 
mixture was stirred for 3 more hours then partitioned in DCM : Brine mixture in a separatory 
funnel. After extraction and evaporation of the organic layer, flash column chromatography (60:40 
Hexanes : EtOAc) was used to purify the product yielding 1 and 2 (43-62% yield).  
 

 
5-(2-chloro-5-methoxyphenyl)-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(1):  
Following the general procedure: 1d (220 mg, 0.37 mmol, 1.0 eq), was coupled with MeMgI. The 
mixture was thoroughly purged with vacuum then argon. Workup and purification was followed 
according to the general procedure to afford 53 mg (43% yield) of 1 as a white solid.  
1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H), 7.40 (dd, J = 8.3, 0.7 Hz, 1H), 6.90 – 6.87 (m, 2H), 4.96 
– 4.88 (m, 1H), 4.81 (s, 2H), 3.79 (s, 3H), 2.25 (s, 3H), 1.67 (dd, J = 7.0, 1.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 158.22, 155.90, 150.43, 150.18, 134.69, 131.36, 130.71, 126.81, 
117.81, 115.26, 109.37, 102.33, 55.68, 47.19, 21.70, 11.99. 
MS (APCI) Calculated: [M+H]+  331.1 Found: 331.1 m/z 
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7-isopropyl-6-methyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (2):   
Following the general procedure: 2d (74 mg, .127 mmol, 1.0 eq), was coupled with MeMgI. The 
mixture was thoroughly purged with vacuum then argon. Workup and purification was followed 
according to the general procedure to afford 25 mg (62% yield) of 2 as a white solid. The 1H NMR 
matched those reported in literature.8 
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Procedure for the sulfofluoro pyrrolopyrimidines (SI_1): 
 

 
3-(4-amino-7-(tert-butyl)-7H-pyrrolo[2,3-d]pyrimidin-5-yl)phenyl sulfofluoridate (SI_1): 
A 25ml round bottom flask with SI_1b (100 mg, .354 mmol, 1 equiv.), TEA (148 ul, 1.062 mmol, 
3 equiv.), DCM (1.42 ml, .25M) and a stir bar was evacuated of air.  In a separate 100 ml pressure 
vessel, SDI (1.189 g, 6 mmol, 1 equiv.), KF (.906 g, 15.6 mmol, 2.6 equiv.) and TFA (4 ml, 1.5M) 
and a stir bar were added and capped. After generation of gas in pressure vessel (~10min), gas 
was transferred via cannula to the round bottom flask.  After reaction mixture was stirred at r.t. for 
18 hours, solvent was then evaporated and crude oil was purified by flash column 
chromatography (70:30 Hexanes : EtOAc) yielding 23 mg of SI_1 as a white solid (18% yield). 
1H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.59 – 7.53 (m, 2H), 7.47 (s, 1H), 7.34 – 7.30 (m, 1H), 
7.16 (s, 1H), 5.34 (s, 2H), 1.81 (s, 9H) 
13C NMR (101 MHz, CDCl3) δ 156.58, 151.21, 150.46, 150.12, 138.17, 131.04, 128.97, 122.07, 
121.22, 119.17, 112.92, 102.16, 57.67, 29.49 
19F NMR (470 MHz, CDCl3) δ 39.36 
MS (APCI) Calculated: C16H18FN4O3S [M+H]+ 365.1 Found: 365.0 m/z 
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V. Chiral HPLC Data 

Chiral HPLC Trace of 1 
 

 

 
1 was measured with HPLC analysis using Chiralpak IA 
Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, injection volume = 
5 ul.  

 
Racemic Standard of 1 
 

 
                
(Ra)-1 
 

  
                
(Sa)-1 
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Chiral HPLC Trace of 2 
 

 

 
2 was measured with HPLC analysis using Chiralpak IA 
Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, injection volume = 
5 ul.  

 
Racemic Standard of 2 

 
                
(Ra)-2 

  
                
(Sa)-2 
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Chiral HPLC Trace of 3 

 

 

 
3 was measured with HPLC analysis using Chiralpak IA 
Hexanes/EtOH (50:50), flow rate = 1.0 mL/min, injection volume = 
5 ul.  

 
Racemic Standard of 3 
 

 
                
(Ra)-3 
 

   
                
(Sa)-3 
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Chiral HPLC Trace of SI_2 
 

 

 
SI_2 was measured with HPLC analysis using Chiralpak IA 
Hexanes/EtOH (50:50), flow rate = 1.0 mL/min, injection volume = 
5 ul.  

 
Racemic Standard of SI_2 
 

 
                
(Ra)-SI_2 
 

  
                
(Sa)-SI_2 
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VI. Predictive Calculated and Experimental Circular Dichroism 

All geometry optimizations and frequency calculations were performed in Gaussian 092 using 
density functional theory, DFT B3LYP/6-31g(d) in gas phase.  Calculated CD spectra were 
calculated from the minimized conformations using TD-DFT B3LYP/6-31g(d) CPCM (EtOH) n=30.  
Experimental circular dichroism spectra were collected at 25 °C on an Aviv model 420 CD 
spectrophotometer using a 1 mm cuvette. Study compounds were dissolved in 100% ethanol 
(100uM) and spectra collected in duplicate from 340 to 200 nm at 1 nm intervals using a 1 nm 
bandwidth and 1 s averaging time. 

 

Shown in the graph above are the calculated CD spectra for (Ra)-3 minimized conformation with 
an -80° dihedral angle and (Sa)-3 minimized conformation with an 80° dihedral angle.  The 
experimental spectra are labeled as “Ent. #”, where the # is the order in which the atropisomers 
eluted off a Chiralpak IA HPLC column (50:50 Hexanes:EtOH).  For scaffolds containing the 
isoquinoline off the C-3 position, enantiomer 2 (Ra) was the more biologically active inhibitor. 
Below are other calculated CD spectra for each (Ra)-3 and (Sa)-3 covering a range of low energy 
dihedral angles, -60° to -120° and 60° to 120°, respectively. 
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VII. Racemization Kinetics 

 
Enantiopure atropisomeric analogue of interest (3 mg) was dissolved in 1 mL of toluene or 
MeOH/PBS mixture. This solution was then heated at a constant temperature for a certain range 
of time (2-3 h, measured ~5 time points). At each time point, a 100-200 µL aliquot was isolated 
and quenched in an HPLC vial with ice cold 50:50 Hexanes:Isopropanol. Each sample was then 
injected into the chiral HPLC system containing an analytical column at 1ml/min and their ee% 
were measured.  
 
Each barrier to rotation measurement is determined from an average of two trials. 
 
The ee% vs. time (s) was plotted in order to determine the rate constant kobs (i.e. the slope of the 
pseudo first-order kinetics) at this constant temperature using the following equation: 
 

𝑘𝑜𝑏𝑠 =
ln (

1
𝑒𝑒%

)

𝑡
 

 
From this, the racemization rate constant krac was determined using the following equation: 

 

𝑘𝑟𝑎𝑐 =
𝑘𝑜𝑏𝑠
2

 

 
The average krac was determined by taking the average of the krac of each trial. From this, 
substitution into the Eyring equation was performed to determine the barrier to rotation: 

 

Δ𝐺 = 𝑅𝑇 ln (
𝑇𝑘𝑏
𝑘𝑟𝑎𝑐ℎ

) 

 
in which ΔG is the barrier to rotation measurement, R is the gas constant, T is the constant 
temperature, kb is the Boltzmann distribution constant, and h is Planck’s constant. 
 
 
 

To determine t1/2 at 37 oC (physiological temperatures): 
 

𝑡1
2⁄
=

(
𝑘𝑏𝑇𝑒

−Δ𝐺
𝑅𝑇

ln 2
)

ln 2
 

 
in which t1/2 is the half-life to racemization in seconds. This unit can convert into hours, days, or 
years. 
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Barrier to Rotation Measurement of 3 
 

 
 

 
 
 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(1/ee%)] 

0 99 -4.59511985 94 -4.543295 
1800 89 -4.48863637 82.218 -4.409374 
3600 75.984 -4.33052279 71.082 -4.263834 
5400 64.59 -4.1680596 58.412 -4.067521 
7200 53.642 -3.98233234 48.572 -3.883047 

 
Average kobs = 8.92E-05, Average krac = 4.46E-05 
Calculated Average ΔG = 30.04 kcal/mol  
Calculated t1/2 (37 oC) = 4.48 yr (or 1637 d) 
Calculated t95 (37 oC)  = 0.33 yr (or 121 d) 
  

y = 8.59E-05x - 4.62E+00
R² = 9.92E-01

y = 9.24E-05x - 4.57E+00
R² = 9.93E-01
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Barrier to Rotation Measurement of 3 
 

 

 
 
 

 
Average kobs = 2.39E-05, Average krac = 1.19E-05 
Calculated Average ΔG = 29.93 
Calculated t1/2 (37 oC) = 4.017710622 yr (or 1466 d) 
Calculated t100 (37 oC)  = 0.0009 yr (or 8.07 h) 

  

y = 9.13E-05x - 4.58E+00
R² = 9.85E-01

y = 1.23E-04x - 4.64E+00
R² = 9.73E-01
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Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(1/ee%)] 

0 94.184 -4.54525 96.016 -4.56451484 

1800 88.378 -4.481623 83.934 -4.43003078 

3600 68.994 -4.23402 69.46 -4.24075105 

5400 58.97 -4.077029 57.646 -4.05432086 

9000 43.006 -3.76134 31.646 -3.45461176 
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Barrier to Rotation Measurement of 2 

 
 

 
 
 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(1/ee%)] 

0 100 -4.60517019 100 -4.60517 
1800 96.618 -4.57076506 96.294 -4.567406 
3600 92.914 -4.53167433 92.14 -4.523309 
5400 88.942 -4.48798447 87.716 -4.474104 
7200 85.364 -4.44692447 83.546 -4.425397 

 
Average kobs = 2.42E-05, Average krac = 1.21E-05 
Calculated Average ΔG = 28.77 kcal/mol  
Calculated t1/2 (37 oC) = 0.64 yr (or 234 d) 
Calculated t95 (37 oC)  = 0.04 yr (or 17 d) 
  

y = 8.59E-05x - 4.62E+00
R² = 9.92E-01

y = 9.24E-05x - 4.57E+00
R² = 9.93E-01
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