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SHP2, a non-receptor tyrosine phosphatase, plays a pivotal role in numerous oncogenic cell-signaling
cascades like RAS-ERK, PI3K-AKT and JAK-STAT. On the other hand, proteolysis targeting chimera
(PROTAC) has emerged as a promising strategy for the degradation of disease-related protein of interest
(POI). SHP2 degradation via the PROTAC strategy will provide an alternative startegy for SHP2-mediated
cancer therapy. Herein we described the design, synthesis and evaluation of a series of thalidomide-
based heterobifunctional molecules and identified 11(ZB-S-29) as the highly efficient SHP2 degrader
with a DC50 of 6.02 nM. Further mechanism investigation illustrated that 11 came into function through
targeted SHP2 protein degradation.

© 2021 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Src homology 2 (SH2) domain-containing phosphotase2 (SHP2),
a non-receptor tyrosine phosphatase encoded by PTPN11 partici-
pates in numerous oncogenic cell-signaling cascades, such as RAS-
ERK, PI3K-AKT and JAK-STAT [1e4]. Hyperactivation of SHP2 caused
by somatic or germline mutation in PTPN11 has been validated in
several kinds of human diseases, including Noonan syndrome [5],
hematological malignancies like juvenile myelomonocytic leuke-
mia(JML), myelodysplastic syndromes(MDS), acute myeloid leuke-
mia(AML) [6,7], and solid tumors [8]. Moreover, accumulating
evidence has shown that SHP2 may play an important role in the
immune evasion and in the T-cell programed cell death/checkpoint
pathway (PD1/PD-L1) [9]. Given the promising importance of SHP2
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protein in clinical therapy, great efforts from both the academic and
industrial communities have been devoted to the discovery of
highly potent, selective and orally bioavailable SHP2 inhibitors [10].
Recently, the first SHP2 inhibitor with good selectivity and cellular
activity was discovered by the scientists from Novartis, through
targeting the tunnel-like allosteric binding pocket [11,12]. Subse-
quent optimization finally yielded another two structurally distinct
candidates SHP394 [13] and SHP389 [14] as shown in Fig. 1. And by
now, several SHP2 inhibitors, with TNO155 [15] and JAB-3068
(Fig. 1) as the representatives have entered into phase Ito IIclin-
ical trials for the treatment of colorectal cancer, digestive/gastro-
intestinal cancer, head and neck cancer, etc.

About two decades ago, proteolysis targeting chimera (PROTAC)
strategy was put forward by Crews and Deshaies etc to achieve
targeted protein degradation [16]. A PROTAC molecule is composed
of three fragments: two ligands each binding the protein of interest
(POI) and E3 ligase complex respectively and one linker tethering
the two ligands together. By hijacking the E3 ligase, the PROTAC
molecules induce the ubiquitination of targeted proteins and lead
to subsequent degradation. Over the past few years, PROTAC
approach has been applied to the degradation of a range of disease-
causing proteins like kinases [17e20], epigenetic readers or erasers
[21e25], nuclear receptors [26e28], transcription fctors [29,30] and
some others [31,32]. Of note, the PROTAC strategy has illustrated
great advantages over the traditional occupy-driven target inhibi-
tion mechanism. Contrast to the occupy-based therapeutics which
requires high in vivo concentrations to ensure sufficient target
engagement, the event-driven PROTAC acts catalytically [33,34],
thus potentially abolishing the potential off-target effects or
toxicity and also being able to achieve greater cellular potencies in
the inhibition of the target protein function than their corre-
sponding inhibitors. In addition, PROTAC is of great promise to
target the currently undruggable proteins including those lacking
an active pocket for inhibitors to bind or others functioning as a
scaffold, which is not addressable by inhibitors. Finally, PROTAC
strategy can overcome drug resistance associated with traditional
inhibitors.

Recently, the group of Ruess reported that knockout of the
PTPN11 gene, encoding SHP2, in KRAS mutant human ductal
adenocarcinoma cells leads to a reduction in cell proliferation [35].
Very Recently, the first SHP2 degrader SHP-D26 was reported,
which induced rapid and efficient SHP2 degradation [36]. SHP2-
D26 employed VHL-1 ligand for E3 ligase complex recruiting. Pre-
vious studies have demonstrated that the same protein could be
degraded by utilizing different ubiquitin/proteasome systems(UPS)
[21,37]. Moreover, the degradation efficiency has different depen-
dence on CRBN and VHL ligases in different cells and thus the
CRBN-based PROTAC degrader can be a good complement for VHL-
based degrader. In this context, we wish to report the successful
discovery of a series of novel SHP2 degraders with the thalidomide
Fig. 1. Chemical structures of representative SHP2 allosteric inh
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as the warhead to hijack the most widely expressed E3 ubiquitin
ligase CRBN.

2. 2. results and discussion

PROTACmolecules design. Rational design of PROTACmolecules
is mainly concerned about two elements, the ligands and the
tethering site for linkers to anchor. Compound 7 (Fig. 2A), an
analogue of TNO155, was a potent and selective SHP2 inhibitor
(IC50 ¼ 17 nM), and therefore was employed as the suitable ligand
for SHP2 protein recruiting. To expand the range of E3 ligase tool
box for SHP2 degradation, we selected thalidomide as the binder
for CRBN hijacking. Co-crystal structure of SHP2 complexed with
TNO155 (PDB ID:7jvm) illustrated that the substituted pyridine
moiety was solvent exposed (Figure 2B), which provided an op-
portunity for linker tethering. Accordingly, we designed the puta-
tive PROTAC molecules by connecting thalidomide part and the
amino group of SHP2 binder 7 with a linker as shown in Fig. 2C.

Linker length exploration. As has been detailed previously,
linker length plays a key role in degradation efficiency. To deter-
mine the acceptable or optimal linker length, we systematically
varied the linker length in compounds 8e11 (Table 1). Preliminary
evaluation of their ability to induce SHP2 protein degradation was
carried out in MV4; 11 cell line by Western blotting (Fig. 3A), and
the percentages of SHP2 protein degradation at two indicated
concentrations were summarized (Table 1). Compound 8 with a
five atoms long chain as the linker had extremely weak influence
on SHP2 level at the concentration of 8 nM. But when at 200 nM, 8
successfully induced SHP2 protein degradation by more than 20%.
Increasing the length by ae(CH2)2O-moiety led to 9which induced
25% and 37% decrease of SHP2 level at the concentration of 8 nM
and 200 nM respectively. Further extension of the linker by two
e(CH2)2O- moieties yielded 10. Despite almost no increase of
degradation efficacy was obtained compared with 9 at 8 nM, 10
induced apparent SHP2 level reduction by 67% at the high con-
centration of 200 nM. Inspired by the phenomenon that longer
linker performed better, we further increased the length of the
linker by two methylenes relative to 10 and got 11(ZB-S-29) which
exhibited promising potency in inducing SHP2 degradation by 46%
at the concentration of as low as 8 nM and by 85% at 200 nM.

Tethering site exploration. The structure of the DDB1-CRBN E3
ubiquitin ligase complexed with thalidomide has revealed that C5
position, as well as the C4 was exposed to the solvent region [38],
which makes the C5 position another suitable site for linker teth-
ering. To make an intuitive head-to-head comparison, linkers used
in Table 1 were installed to the C5 position of thalidomide, yielding
12e15 respectively. The same procedures performed for the eval-
uation of these degraders were carried out (Fig. 3B) and data was
summarized and displayed in Table 2. The discipline summarized
from Table 2 was almost the same to that from Table 1. The
ibitors (1e5) and VHL-based SHP2 degrader (6, SHP2-D26).



Fig. 2. Design of the PROTAC molecules. (A) Chemical structure of SHP2 binder 7. (B) Co-crystal structure of SHP2 complexed with TNO155. The amino group was oriented toward
the solvent and circled in red. (C) Putative PROTAC molecules.

Fig. 3. Western blotting analysis of SHP2 protein in MV4; 11 cell lines treated with(A) 8e11, (B) 12e15 and (C) 16e21 at indicated concentrations of 8 nM and 200 nM with a
treatment period of 12 h. GAPDH was employed as the loading control. SHP2 protein levels at indicated concentrations were quantified and normalized over the corresponding
GAPDH protein. Data were summarized in Tables 1e3 respectively.
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degradation efficiency grew along with the increase of the linker
length when these degraders were incubated withMV4; 11 cell line
at the indicated concentration of 200 nM. Of note, all the four de-
graders in Table 2 were not as effective in inducing SHP2 protein
reduction as their counterparts in Table 1. For example, both 13 and
14 induced less than 5% while their peers 9 and 10 successfully
resulted in 25% and 28% of SHP2 degradation respectively at the low
concentration of 8 nM. All of the above demonstrated that C5 po-
sition employed for linker tethering was tolerable for SHP2
degrader design but might not be the best choice as compared with
C4 position.

Linker composition exploration. Large amounts of studies have
demonstrated that chemical composition of a linker in one PROTAC
molecule may greatly influence the degradative potency. Therefore,
we replaced the polyethylene glycol linkers with full-carbon chains
of 8e13 carbon atoms, giving another series of putative SHP2
protein degraders. As shown in Fig. 3C and Table 3, 19with a linker
of 11 carbon atoms long performed best among these six degraders
with 73% of SHP2 protein degradation in MV4; 11 cell line at
200 nM but it was still less potent than 11 or 15. Either extending or
shortening the linker length resulted in the decrease of degradation
efficiency. Compound 20, with a linker one methylene longer
appeared to be less potent than 19 while 18, with a linker one
methylene shorter than that of 19 failed to induced SHP2 degra-
dation. Moreover, compound 21, with the same linker length with
11 or 15, was much less potent than 11, indicating that linker
composition also played an important role in degradation
efficiency.

Does- and time-dependence study. Further examination of SHP2
protein degradation induced by 11 at a variety of concentrations
was performed and western blotting results clearly illustrated that
SHP2 protein levels were reduced in a dose-dependent manner
(Fig. 4A), and qualification of the western blotting data gave the
3

DC50, the concentration required for 50% degradation of protein of
interest, of 6.02 nM (Fig. 4B). In the following kinetic studies, MV4;
11 cell lines were incubated with 100 nM of 11. Western blotting
analysis at indicated time points demonstrated that SHP2 degra-
dation induced by 11 proceeded in a time-dependent manner
(Fig. 4C). 6 h’s incubation led to>50% degradation, andmuch longer
exposure for 24 h resulted in >90% SHP2 degradation.

Cell growth inhibition study. Next, we evaluated the activity of
11 on cell proliferation inhibition in MV4; 11 cell line (Fig. 5A).
Interestingly, the excellent performance of 11 in SHP2 protein
degradation didn’t translate into impressive cell growth inhibition.
Compared with the canonical inhibitor SHP099, compound 11 is
only two times more potent in inhibiting cell growth. Cell cycle
arrest and apoptosis studies revealed that 11 induced apparent G1
phase arrest or apoptosis in a dose-dependent manner(Fig. 5C and
D). Moreover, cells treated with 11 suffered from more severe G1
phase arrest or apoptosis compared with those treated with
SHP099 at the same concentration of 200 nM, which was consis-
tent with the fact that 11 was more potent in regard to cell growth
inhibition than SHP099.

Mechanism of action study. To make the mechanism of action of
11 in SHP2 protein degradation clear, we treated MV4; 11 cell line
with 11 alone or combined with the CRBN ligand pomalidomide or
the SHP2 binder 7 (Fig. 6A). Western blotting analysis demon-
strated that either pomalidomide or 7 prevented SHP2 degradation,
indicating that simultaneous binding of the two ligands to their
receptors respectively was required for the efficient SHP2 protein
degradation. Moreover, engineered CRBN deficient MV4; 11CRBN/KO

cell line was constructed (Fig. 6B) and then employed to further
clarify that SHP2 degradation induced by 11 was CRBN dependent.
As expected, SHP2 protein depletion in MV4; 11CRBN/KO was totally
abolished (Fig. 6C). We also determined the IC50 values of both the
11 and the positive control SHP099 for inhibiting the growth of



Fig. 4. Further examination of 11. (A)Western blotting analysis of SHP2 protein in MV4; 11 cell line treated with 11 at indicated concentrations with a treatment period of 12 h.
GAPDH was employed as the loading control. (B)Determination of DC50 value of 11 in MV4; 11 cell line. SHP2 protein levels at indicated concentrations were quantified and
normalized over the corresponding GAPDH protein. (C)Western blotting analysis of SHP2 protein in MV4; 11 cell line pretreated with 100 nM of 11 and harvested at indicated time
points. GAPDH was employed as the loading control.
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MV4; 11CRBN/KO andMV4; 11WT cell lines (Fig. 6D and E). Contrast to
the observation that SHP099 behaved a little more potent in MV4;
11CRBN/KO than in MV4; 11WT, 11 showed a ten times less potent in
the growth inhibition of CRBN-knocked off MV4; 11 cell line than
that of thewide typeMV4; 11 cell line, whichmight be attributed to
the CRBN deficiency and SHP2 delegation abolishment. PS-341, one
unique and specific proteasome inhibitor [39], recovered SHP2
protein level as well (Fig. 6A). In summary, 11 was a bona fide
PROTAC molecule and came into function by inducing SHP2
degradation.

3. Chemistry

The synthesis of the key intermediates or fragments and the
final PROTAC molecules is briefly described as follows.

3.1. Synthesis of fragment 30

The synthesis of fragment 30 as shown in Scheme 1 has already
been described in related patents(WO 2016203406) and alternative
approaches(WO 2020065452, WO 2020065453) are also available
now.

Reagents and conditions: (a)TBSCl, imidazole, DCM, r.t., 12 h; (b)
DIBAL-H, ether, �78 �C, 2 h; (c)n-BuLi, diethylamine, THF, �78 �C,
2 h; (d)LiBH4, THF, r.t., 24 h; (e)1M TBAF in THF, THF, r.t., 5 h; (f)NaH,
Tosyl chloride, THF, 0 �C, 3 h; (g)Dess-Martin periodinane, DCM, r.t.,
5 h; (h)Titanium ethoxide, (R)-(þ)-2-methyl-propanesulfinamide,
THF, reflux, 24 h; (i)LiBH4, THF, 0 �C to r.t.; (j)4 M HCl in dioxane,
50 �C, 12 h.

3.2. Synthesis of the key intermediate 35

The synthetic route to the key intermediate 35 is described as
follows(Scheme 2). The 3-amino-2-chlorobenzenethiol precursor
31 was synthesized via a SNAr reaction between the 2-chloro-3-
fluoroaniline and 2-methylpropane-2-thiol. Removal of the
4

tertiary butyl in concentrated hydrochloric acid afforded the 3-
amino-2-chlorobenzenethiol hydrochloride 32, which was
employed as the reagent to construct the intermediate 33 via PdCu-
catalyzed cross coupling reaction. Subsequent nucleophilic substi-
tution between 33 and the amine fragment 30 gave 7(that is the
SHP2 binder employed here for PROTAC molecules design). After
the aliphatic amine was selectively protected with a Boc moiety,
succinic acid was then installed to the aromatic amine, finally
yielding the key intermediate 35.

Reagents and conditions: (a)CsCO3, DMF, 120 �C, 24 h; (b)Conc.
HCl, 50 �C, 24 h; (c)CuI, O-Phenanthroline, K3PO4, dioxane, 85 �C,
5 h; (d)DIPEA, DMSO, 120 �C, 12 h; (e)tert-butyldicarbonate, DIPEA,
DCM/DMF; (f)Succinic anhydride, toluene, 110 �C, 5 h.
3.3. Synthesis of the key intermediates 37e50

Other key intermediates 37e50 were prepared amid a general
synthetic route of two steps as shown in Scheme 3 and Scheme 4.
The fluorine-substituted thalidomide analogue 36a/b was synthe-
sized from commercially available 3- or 5-fluorophthalic anhydride
and 2,6-dioxopiperidine-3-ammonium chloride almost quantita-
tively. Linkers of different length and composition were then
installed to the phenyl ring in placement of the fluorine via aro-
matic nucleophilic substitution to provide these intermediates
37e50.
3.4. Synthesis of the SHP2 degraders 8e21

The target PROTAC molecules were prepared through the syn-
thetic route outlined in Scheme 5. The protecting Boc groups of
intermediates 37e50 were removed with TFA first and subsequent
amide condensation between the individual TFA salt and another
key intermediate 35 gave the PROTAC molecule precursors 51e64
respectively. De-protection of these precursors with TFA finally
afforded the fourteen degraders 8e21.



Fig. 5. Evaluation of 11 in cell growth inhibition. (A)MV4; 11 cell growth inhibition by the treatment of 11, SHP099 and 7. MV4; 11 cells were treated with individual compound at
indicated doses for 3d and cell viability was determined by MTS. (B)SHP2 catalytic activity inhibition by the treatment of 11, SHP099, and 7. (C)Cell cycle arrest induced by 11 or
SHP099. MV4; 11 cells were treated with 11 or SHP099 at indicated doses for 24 h before analysis. (D)Cell apoptosis induced by 11 or SHP099. MV4; 11 cells were treated with 11 or
SHP099 at indicated doses for 48 h. Cell cycle and cell apoptosis analysis were performed by FlowJo software (Tree Star, Inc.).
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4. Conclusion and outlook

In summary, we designed a series of thalidomide-based SHP2
degraders by employing CRBN ligand for E3 ligase complex
recruiting. Key elements namely linker length, linker tethering site
and linker compositions were explored and finally compound
11(ZB-S-29) was identified as the most potent SHP2 degrader.
Western blotting analysis indicated that (1)SHP2 protein could be
degraded by hijacking CRBN, (2)the C4 position of thalidomide was
the better choice for linker tethering as compared with C5 and (3)
full-carbon chains didn’t benefit SHP2 degradation relative to the
polyethylene glycol (PEG) linkers. Further exploration showed that
11 effectively induced SHP2 protein degradation in a time- and
dose-dependent manner and achieved a DC50 of 6.02 nM. Further
mechanism investigation illustrated that 11 came into function
through targeted SHP2 protein degradation.We believe that 11may
have futher potential application as a probe for the exploration of
physiological functions of SHP2, which is complementary to other
techniques like gene editing or RNAi.
5

5. Materials and methods

5.1. Synthesis

3-(tert-butylthio)-2-chloroaniline(31) To a solution of 2-
chloro-3-fluorobenzenamin (5 g, 34.35 mmol) and 2-Methyl-2-
propanethiol (9.29 g, 103 mmol) in DMF (80 mL) was added
Cs2CO3(16.79 g, 51.53 mmol) and the mixture was heated at 120 �C
for 24 h. After cooling to room temperature, the reaction was
poured into a separating funnel containing sat. aq. NH4Cl (150 mL)
and extracted with EtOAc (100 mL*3). The combined organics were
washed with brine and dried over Na2SO4. Then the volatiles were
removed under reduced pressure and the resulting residue was
purified by flash chromatography to give 31 in 83% yield. UPLC-
MS:[MþH]þ ¼ 215.86/217.65 found. 1H NMR (400 MHz, Chloro-
form-d) d 7.04 (dd, J ¼ 7.6, 2.0 Hz, 1H), 7.01 (t, J ¼ 7.6 Hz, 1H), 6.77
(dd, J ¼ 7.5, 2.0 Hz, 1H), 4.16 (s, 2H), 1.33 (s, 9H).

3-amino-2-chlorobenzenethiol hydrochloride(32) 3-(tert-
butylthio)-2-chloroaniline(31) (5 g, 23 mmol) was suspended in



Fig. 6. Mechanism of action study of 11. (A)Western blotting analysis of SHP2 protein in MV4; 11 cell line. Cells were treated with CRBN ligand pomalidomide, SHP2 inhibitor 7, or
proteasome inhibitor PS-341 2 h before the treatment with 11 for another 12 h. (B)Verification of the construction of CRBN-deficient MV4; 11 cell line. (C)Western blotting analysis
of SHP2 protein in MV4; 11CRBN/KO cell line treated with 11 at indicated concentrations with a treatment period of 12 h. GAPDH was employed as the loading control. (D, E)MV4; 11
or MV4; 11CRBN/KO cell growth inhibition by the treatment of 11(D) and SHP099(E). Cells were treated with individual compound at indicated doses for 3d and cell viability was
determined by MTS.

Scheme 1. Synthetic route to intermediate 30.
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concentrated hydrochloric acid(30mL) and the slurry was heated at
50 �C for 24 h. After that, volatiles were removed under reduced
pressure and the 3-amino-2-chlorobenzenethiol hydrochloride
was obtained as white powers which was used directly in the next
step without further purification. UPLC-MS:[MþH]þ ¼ 159.56/
161.48 found.

3-((3-amino-2-chlorophenyl)thio)-6-chloropyrazin-2-
amine(33) To a solution of 3-bromo-6-chloropyrazin-2-amine
(1.00 g, 4.80 mmol) and 3-amino-2-chlorobenzenethiol hydro-
chloride(32) (1.04 g, 5.28 mmol) in dioxane (25 mL) was added
K3PO4 (2.03 g, 9.60 mmol), CuI (182 mg, 0.96 mmol) and o-Phe-
nanthroline (346 mg, 1.92 mmol). The mixture was degassed and
refilled with nitrogen three times and was then heated at 85 �C for
3 h. After that the solvents were removed under reduced pressure
6

and the resulting residue was purified by flash chromatography to
give 33 as light yellow solids in 70% yield. UPLC-
MS:[MþH]þ ¼ 286.71/288.63/290.59 found. 1H NMR (400 MHz,
DMSO‑d6) d 7.69 (s, 1H), 7.02e6.95 (m, 3H), 6.78 (dd, J ¼ 8.1, 1.5 Hz,
1H), 6.49 (dd, J ¼ 7.6, 1.4 Hz, 1H), 5.53 (s, 2H).

(3S,4S)-8-(6-amino-5-((3-amino-2-chlorophenyl)thio)pyr-
azin-2-yl)-3-methyl-2-oxa-8-azaspiro[4.5]decan-4-amine(7) To
a solution of 33 (500mg,1.74mmol) and 30 (550mg, 2.26 mmol) in
DMSO (15 mL) was added DIPEA (2.88 mL, 17.41 mmol) and the
mixture was heated at 120 �C for 12 h. After cooling to room
temperature, the mixture was poured into a separating funnel
containing sat. aq. NH4Cl (30 mL) and extracted with EtOAc
(20 mL*3). The combined organics were washed with brine and
dried over Na2SO4. Then the volatiles were removed under reduced



Scheme 2. Synthetic route to the key intermediate 35.

Scheme 3. Synthetic route to the key intermediates 37e40 and 45e50. Reagents and conditions: (a)KOAc, AcOH, 120 �C, 12 h; (b)DIPEA, DMAc, 90 �C, 2 h.
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pressure and the resulting residue was purified by flash chroma-
tography to give 7 as white solids in 67% yields. UPLC-
MS:[MþH]þ ¼ 421.20/422.91 found. 1H NMR (400 MHz, Chloro-
form-d) d 7.61 (s, 1H), 6.86 (t, J¼ 7.9 Hz, 1H), 6.54 (dd, J¼ 7.9, 1.4 Hz,
1H), 6.19 (dd, J¼ 7.9, 1.4 Hz,1H), 4.86 (s, 2H), 4.18 (qd, J¼ 6.4, 4.4 Hz,
1H), 4.10 (s, 2H), 3.93e3.81 (m, 2H), 3.79 (d, J ¼ 8.7 Hz, 1H), 3.68 (d,
J ¼ 8.7 Hz, 1H), 3.38 (ddd, J ¼ 13.3, 8.6, 4.3 Hz, 1H), 3.28 (ddd,
J ¼ 13.2, 9.5, 3.4 Hz, 1H), 2.98 (d, J ¼ 4.5 Hz, 1H), 1.83 (ddd, J ¼ 13.4,
9.5, 3.9 Hz, 1H), 1.77e1.59 (m, 2H), 1.57e1.51 (m, 1H), 1.23 (d,
J ¼ 6.4 Hz, 3H).
7

tert-butyl ((3S,4S)-8-(6-amino-5-((3-amino-2-chlorophenyl)
thio)pyrazin-2-yl)-3-methyl-2-oxa-8-azaspiro[4.5]decan-4-yl)
carbamate(34) To a solution of 7 in the mixture of DCM (10 mL)
and DMF (0.5 mL) was added Boc2O, and the reactionwas stirred at
room temperature for 36 h. After that, the volatiles were removed
under reduced pressure and the residues were purified by flash
chromatography to provide 34 as white solids in 73% yield. UPLC-
MS:[MþH]þ ¼ 521.23/523.11 found. 1H NMR (400 MHz, Chloro-
form-d) d 7.58 (s, 1H), 6.87 (t, J¼ 7.9 Hz, 1H), 6.54 (dd, J¼ 8.0, 1.4 Hz,
1H), 6.18 (dd, J ¼ 7.9, 1.4 Hz, 1H), 4.84 (s, 2H), 4.66 (d, J ¼ 10.7 Hz,



Scheme 4. Synthetic route to the key intermediates 41e44. Reagents and conditions: (a)KOAc, AcOH, 120 �C, 12 h; (b)DIPEA, DMAc, 90 �C, 2 h.

Scheme 5. Synthetic route to SHP2 degraders 8 to 21. Reagents and conditions: (a)TFA/DCM, r.t., 1 h; (b)HATU, DIPEA, DMF, r.t., 3 h; (c)TFA/DCM, r.t., 1 h.
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1H), 4.20e4.13 (m, 1H), 4.10 (s, 2H), 3.98 (dd, J ¼ 10.8, 4.3 Hz, 1H),
3.85e3.60 (m, 4H), 3.51 (ddd, J ¼ 13.0, 8.0, 3.6 Hz, 1H), 3.38 (ddd,
J ¼ 12.8, 8.3, 3.5 Hz, 1H), 1.91e1.65 (m, 3H), 1.66e1.51 (m, 1H), 1.44
(s, 9H), 1.19 (d, J ¼ 6.3 Hz, 3H).

4-((3-((3-amino-5-((3S,4S)-4-((tert-butoxycarbonyl)amino)-
3-methyl-2-oxa-8-azaspiro[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-
chlorophenyl)amino)-4-oxobutanoic acid(35) To a suspension of
34 (300 mg, 0.58 mmol) in toluene (10 mL) was added succinic
anhydride (69mg, 0.69mmol) and themixturewas refluxed for 6 h.
Then the volatiles were removed under reduced pressure and the
resulting residue was purified by Prep HPLC with MeCN/H2O as the
eluent and 1% of ammonia liquor as modifier to give 35 as white
solids in 83% yield. UPLC-MS:[MþH]þ ¼ 621.48/623.19 found. 1H
NMR (400 MHz, Methanol-d4) d 7.55 (s, 1H), 7.11 (t, J ¼ 8.0 Hz, 1H),
7.01 (d, J ¼ 10.5 Hz, 1H), 6.53 (dd, J ¼ 8.0, 1.4 Hz, 1H), 4.31e4.21 (m,
1H), 3.98 (dd, J¼ 10.7, 4.7 Hz,1H), 3.83e3.52 (m, 6H), 2.78e2.71 (m,
2H), 2.67 (t, J ¼ 6.5 Hz, 2H), 1.88e1.68 (m, 3H), 1.67e1.52 (m, 1H),
1.46 (s, 9H), 1.15 (d, J ¼ 6.3 Hz, 3H).

2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione
(36a) To a solution of 3-Fluorophthalic anhydride (3 g, 18.06 mmol)
and 2,6-Dioxopiperidine-3-ammonium chloride(3.27 g,
8

19.87 mmol) in acetic acid (30 mL) was added KAc (5.32 g,
54.2 mmol) and the mixture was heated at 120 �C for 12 h. After
cooling to room temperature, the solution was poured into 200 mL
of ice water. The participants were filtered and washed with cold
water to provide 36a as gray solids in 95% yield. UPLC-
MS:[MþH]þ ¼ 317.07 found. 1H NMR (400 MHz, DMSO‑d6) d 11.17
(s, 1H), 8.00e7.88 (m, 1H), 7.82e7.67 (m, 2H), 5.17 (dd, J ¼ 12.9,
5.3 Hz, 1H), 3.00e2.81 (m, 1H), 2.71e2.43 (m, 2H), 2.15e1.98 (m,
1H).

2-(2,6-dioxopiperidin-3-yl)-5-fluoroisoindoline-1,3-
dione(36b) 36b was obtained according to the procedures
described for 36a. As gray solids in 92% yield. UPLC-
MS:[MþH]þ ¼ 316.94 found. 1H NMR (400 MHz, DMSO‑d6) d 11.16
(s, 1H), 8.01 (dd, J ¼ 8.3, 4.5 Hz, 1H), 7.85 (dd, J ¼ 7.4, 2.3 Hz, 1H),
7.75e7.69 (m, 1H), 5.17 (dd, J ¼ 12.8, 5.4 Hz, 1H), 2.90 (ddd, J ¼ 16.8,
13.7, 5.4 Hz, 1H), 2.69e2.43 (m, 2H), 2.15e1.99 (m, 1H).

tert-butyl (2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethoxy)ethyl)carbamat(37) To a so-
lution of 36a (100 mg, 0.36 mmol) and tert-butyl (2-(2-
aminoethoxy)ethyl)carbamate (78 mg, 0.38 mmol) in NMP (3 mL)
was added DIPEA(180 mL,1.09mmol) and themixturewas heated at



Table 1
Exploration of the effect of linker length on degradation efficiency.

Compound Linker % of SHP2 degradation in MV4; 11 cell linea

8 nM 200 nM

8 6 23

9 25 37

10 28 62

11 (ZB-S-29) 46 80

a % of SHP2 degradation at two indicated concentrations were expressed as the average of two independent measurements with a treatment period of 12 h in MV4; 11 cell
line.

Table 2
Exploration of the effect of tethering site on degradation efficiency.

Compound Linker % of SHP2 degradation in MV4; 11 cell linea

8 nM 200 nM

12 5< 12

13 5< 28

14 5< 48

15 42 78

a % of SHP2 degradation at two indicated concentrations were expressed as the average of two independent measurements with a treatment period of 12 h in MV4; 11 cell
line.
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90 �C for 2 h. After cooling to room temperature, the mixture was
poured into a separating funnel containing sat. aq. NH4Cl (15 mL)
and extracted with EtOAc (30 mL). The combined organics were
washed with brine and dried over Na2SO4. Then the volatiles were
removed under reduced pressure and the resulting residue was
purified by flash chromatography to give 37 as yellow solids in 67%
yield. UPLC-MS:[MþH]þ ¼ 461.10 found. 1H NMR (400 MHz,
Methanol-d4) d 7.53 (dd, J ¼ 8.6, 7.1 Hz, 1H), 7.07 (d, J ¼ 8.6 Hz, 1H),
7.04 (d, J ¼ 7.1 Hz, 1H), 5.05 (dd, J ¼ 12.6, 5.4 Hz, 1H), 3.68 (t,
J¼ 5.3 Hz, 2H), 3.53 (t, J¼ 5.7 Hz, 2H), 3.48 (t, J¼ 5.3 Hz, 2H), 3.23 (t,
J ¼ 5.6 Hz, 2H), 2.92e2.65 (m, 3H), 2.15e2.06 (m, 1H), 1.41 (s, 9H).

Intermediates 38e50 were prepared following the same pro-
cedures described for the synthesis of 37 in 50%e71% yield.

tert-butyl (2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)ethyl)carba-
mate(38) As yellow solids. UPLC-MS:[MþH]þ ¼ 505.06 found. 1H
NMR (400MHz, Methanol-d4) d 7.54 (dd, J¼ 8.5, 7.1 Hz,1H), 7.07 (d,
J ¼ 8.6 Hz, 1H), 7.04 (d, J¼ 7.1 Hz, 1H), 5.06 (dd, J¼ 12.5, 5.4 Hz, 1H),
3.72 (t, J ¼ 5.3 Hz, 2H), 3.68e3.58 (m, 4H), 3.55e3.44 (m, 4H), 3.21
(t, J ¼ 5.6 Hz, 2H), 2.94e2.64 (m, 3H), 2.22e2.05 (m, 1H), 1.40 (s,
9H).

tert-butyl (2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)carba-
mate(39) As yellow solids. UPLC-MS:[MþH]þ ¼ 549.13 found. 1H
NMR (400MHz, Methanol-d4) d 7.53 (dd, J¼ 8.5, 7.2 Hz,1H), 7.06 (d,
J ¼ 8.6 Hz, 1H), 7.03 (d, J ¼ 7.1 Hz, 1H), 5.05 (dd, J ¼ 12.5, 5.4 Hz, 1H),
9

3.72 (t, J ¼ 5.3 Hz, 2H), 3.68e3.54 (m, 8H), 3.49 (q, J ¼ 5.3 Hz, 4H),
3.19 (t, J¼ 5.6 Hz, 2H), 2.95e2.63 (m, 3H), 2.27e1.99 (m,1H), 1.42 (s,
9H).

tert-butyl (3-(2-(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)
carbamate(40) As yellow solids. UPLC-MS:[MþH]þ ¼ 577.46 found.
1H NMR (400MHz, Methanol-d4) d 7.52 (dd, J¼ 8.6, 7.1 Hz,1H), 7.04
(d, J ¼ 8.6 Hz, 1H), 7.01 (d, J ¼ 7.1 Hz, 1H), 5.04 (dd, J ¼ 12.6, 5.4 Hz,
1H), 3.70e3.52 (m, 10H), 3.48 (t, J ¼ 6.2 Hz, 2H), 3.42 (t, J ¼ 6.5 Hz,
2H), 3.10 (t, J ¼ 6.8 Hz, 2H), 2.94e2.62 (m, 3H), 2.11 (m, 1H), 1.90 (p,
J ¼ 6.2 Hz, 2H), 1.70 (p, J ¼ 6.5 Hz, 2H), 1.42 (s, 9H).

tert-butyl (2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)amino)ethoxy)ethyl)carbamate(41) As yel-
low solids. UPLC-MS:[MþH]þ ¼ 461.08 found. 1H NMR (400 MHz,
Methanol-d4) d 7.58 (d, J ¼ 8.4 Hz, 1H), 7.05 (d, J ¼ 2.2 Hz, 1H), 6.90
(dd, J ¼ 8.4, 2.2 Hz, 1H), 5.04 (dd, J ¼ 12.4, 5.4 Hz, 1H), 3.68 (t,
J¼ 5.3 Hz, 2H), 3.52 (t, J¼ 5.5 Hz, 2H), 3.41 (t, J¼ 5.3 Hz, 2H), 3.23 (t,
J ¼ 5.3 Hz, 2H), 2.92e2.63 (m, 3H), 2.29e2.04 (m, 1H), 1.42 (s, 9H).

tert-butyl (2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)amino)ethoxy)ethoxy)ethyl)carba-
mate(42) As yellow solids. UPLC-MS:[MþH]þ ¼ 505.14 found. 1H
NMR (400 MHz, Methanol-d4) d 7.57 (d, J ¼ 8.4 Hz, 1H), 7.05 (d,
J ¼ 2.2 Hz, 1H), 6.89 (dd, J ¼ 8.3, 2.2 Hz, 1H), 5.04 (dd, J ¼ 12.5,
5.5 Hz, 1H), 3.71 (t, J ¼ 5.4 Hz, 2H), 3.68e3.60 (m, 4H), 3.51 (t,
J ¼ 5.6 Hz, 2H), 3.43 (t, J ¼ 5.4 Hz, 2H), 3.22 (t, J ¼ 5.6 Hz, 2H),
2.93e2.64 (m, 3H), 2.31e2.04 (m, 1H), 1.42 (s, 9H).



Table 3
Exploration of the effect of the full-carbon linker on degradation efficiency.

Compound Linker % of SHP2 degradation in MV4; 11 cell linea

8 nM 200 nM

16 22 43

17 23 37

18 0 10

19 26 73

20 18 62

21 8 38

a % of SHP2 degradation at two indicated concentrations were expressed as the average of two independent measurements with a treatment period of 12 h in MV4; 11 cell
line.
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tert-butyl (2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)carba-
mate(43) As yellow solids. UPLC-MS:[MþH]þ ¼ 549.22 found. 1H
NMR (400 MHz, Methanol-d4) d 7.57 (d, J ¼ 8.4 Hz, 1H), 7.05 (d,
J ¼ 2.2 Hz, 1H), 6.90 (dd, J ¼ 8.4, 2.2 Hz, 1H), 5.04 (dd, J ¼ 12.5,
5.4 Hz, 1H), 3.71 (t, J ¼ 5.3 Hz, 2H), 3.68e3.57 (m, 8H), 3.50 (t,
J ¼ 5.6 Hz, 2H), 3.42 (t, J ¼ 5.3 Hz, 2H), 3.21 (t, J ¼ 5.3 Hz, 2H),
2.94e2.63 (m, 3H), 2.30e2.04 (m, 1H), 1.42 (s, 9H).

tert-butyl (3-(2-(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)amino)propoxy)ethoxy)ethoxy)propyl)
carbamate(44) As yellow solids. UPLC-MS:[MþH]þ ¼ 577.48 found.
1H NMR (400 MHz, Methanol-d4) d 7.55 (d, J ¼ 8.3 Hz, 1H), 6.98 (d,
J ¼ 2.2 Hz, 1H), 6.84 (dd, J ¼ 8.3, 2.2 Hz, 1H), 5.04 (dd, J ¼ 12.4,
5.4 Hz, 1H), 3.68e3.55 (m, 10H), 3.49 (t, J ¼ 6.2 Hz, 2H), 3.32 (t,
J ¼ 6.9 Hz, 2H), 3.11 (t, J ¼ 6.8 Hz, 2H), 2.94e2.62 (m, 3H), 2.16e1.96
(m, 1H), 1.90 (p, J ¼ 6.4 Hz, 2H), 1.70 (p, J ¼ 6.5 Hz, 2H), 1.42 (s, 9H).

tert-butyl (8-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)octyl)carbamate(45) As yellow
solids. UPLC-MS:[MþH]þ ¼ 501.39 found. 1H NMR (400 MHz,
Methanol-d4) d 7.54 (dd, J¼ 8.5, 7.2 Hz,1H), 7.04e6.99 (m, 2H), 5.07
(dd, J ¼ 12.6, 5.4 Hz, 1H), 3.30 (t, J ¼ 6.8 Hz, 3H), 3.03 (t, J ¼ 7.0 Hz,
2H), 2.91e2.67 (m, 3H), 2.26e2.02 (m, 1H), 1.73e1.58 (m, 2H),
1.53e1.24 (m, 19H).

tert-butyl (9-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)nonyl)carbamate(46) As yellow
solids. UPLC-MS:[MþH]þ ¼ 515.47 found. 1H NMR (400 MHz,
Methanol-d4) d 7.53 (dd, J¼ 8.4, 7.2 Hz,1H), 7.05e6.98 (m, 2H), 5.05
(dd, J ¼ 12.6, 5.4 Hz, 1H), 3.30 (t, J ¼ 7.3 Hz, 2H), 3.06e2.97 (m, 2H),
2.93e2.64 (m, 3H), 2.24e1.98 (m, 1H), 1.66 (p, J ¼ 7.1 Hz, 2H),
1.51e1.18 (m, 21H).

tert-butyl (10-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)decyl)carbamate(47) As yellow
solids. UPLC-MS:[MþH]þ ¼ 529.40 found. 1H NMR (400 MHz,
Methanol-d4) d 7.52 (dd, J¼ 8.5, 7.1 Hz, 1H), 7.03e6.98 (m, 2H), 5.05
(dd, J ¼ 12.6, 5.4 Hz, 1H), 3.29 (t, J ¼ 6.8 Hz, 2H), 3.01 (t, J ¼ 7.0 Hz,
2H), 2.93e2.65 (m, 3H), 2.15e2.06 (m, 1H), 1.71e1.55 (m, 2H),
1.50e1.23 (m, 23H).

tert-butyl (11-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)undecyl)carbamate(48) As yellow
solids. UPLC-MS:[MþH]þ ¼ 543.47 found. 1H NMR (400 MHz,
Methanol-d4) d 7.57e7.51 (m, 1H), 7.05e7.00 (m, 2H), 5.05 (dd,
J ¼ 12.6, 5.4 Hz, 1H), 3.35e3.28 (m, 2H), 3.07e2.96 (m, 2H),
10
2.93e2.65 (m, 3H), 2.23e1.98 (m, 1H), 1.66 (p, J ¼ 7.1 Hz, 2H),
1.52e1.19 (m, 25H).

tert-butyl (12-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)dodecyl)carbamate(49) As yellow
solids. UPLC-MS:[MþH]þ ¼ 557.60 found. 1H NMR (400 MHz,
Methanol-d4) d 7.53 (dd, J¼ 8.5, 7.1 Hz, 1H), 7.05e6.97 (m, 2H), 5.05
(dd, J ¼ 12.6, 5.4 Hz, 1H), 3.30 (t, J ¼ 7.5 Hz, 2H), 3.01 (t, J ¼ 7.0 Hz,
2H), 2.92e2.64 (m, 3H), 2.16e1.98 (m, 1H), 1.64 (m, 2H), 1.55e1.17
(m, 27H).

tert-butyl (13-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)tridecyl)carbamate(50) As yellow
solids. UPLC-MS:[MþH]þ ¼ 571.53 found. 1H NMR (400 MHz,
Methanol-d4) d 7.55 (dd, J¼ 8.5, 7.1 Hz, 1H), 7.06e7.01 (m, 2H), 5.06
(dd, J ¼ 12.5, 5.5 Hz, 1H), 3.35e3.28 (m, 2H), 3.05e2.98 (m, 2H),
2.92e2.65 (m, 3H), 2.31e2.05 (m, 1H), 1.67 (p, J ¼ 7.1 Hz, 2H),
1.48e1.24 (m, 29H).

N1-(3-((3-amino-5-((3S,4S)-4-amino-3-methyl-2-oxa-8-
azaspiro[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-
N4-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)
amino)ethoxy)ethyl)succinamide(8) To a solution of 37 (50 mg,
0.11 mmol) in DCM (10 mL) was added TFA (2 mL), and the mixture
was stirred at room temperature for 1 h. After that, the volatiles
were removed under reduced pressure and the residual solvents
was further evacuated in vacuum.The yellow residue was then
dissolved in DMF (5 mL) and to the solution was added 36 (71 mg,
0.11 mmol), HATU (54 mg, 0.14 mmol), DIPEA (90 mL, 0.54 mmol).
After stirring at room temperature for 2 h, the mixture was poured
into a separating funnel containing sat. aq. NH4Cl (15 mL) and
extracted with EtOAc (10 mL*3). The combined organics were
washed with brine and dried over Na2SO4. Then the volatiles were
removed under reduced pressure and the resulting residue was
purified by flash chromatography to give the precursor 51 as yellow
solids. UPLC-MS:[MþH]þ ¼ 963.53/965.41 found.

To a solution of 51 in DCM (10 mL) was added TFA (2 mL), and
the mixture was stirred at room temperature for 1 h. After that, the
volatiles were removed under reduced pressure and the residue
was dissolved in MeCN and purified by prep-HPLC to give 8 as
yellow TFA salts in 52% yield over two steps. UPLC-
MS:[MþH]þ ¼ 863.41/865.37 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 7.98 (br, 3H), 7.93 (t, J ¼ 5.8 Hz, 1H), 7.66
(s, 1H), 7.58 (t, J ¼ 7.8 Hz, 1H), 7.45 (d, J ¼ 8.0 Hz, 1H), 7.19e7.09 (m,
2H), 7.03 (d, J¼ 6.5 Hz,1H), 6.42 (d, J¼ 8.0 Hz,1H), 5.05 (dd, J¼ 12.9,
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5.4 Hz, 1H), 4.25e4.07 (m, 3H), 3.88 (d, J ¼ 9.2 Hz, 1H), 3.68 (d,
J ¼ 9.1 Hz, 1H), 3.60 (t, J ¼ 5.4 Hz, 2H), 3.51e3.35 (m, 5H), 3.23 (q,
J ¼ 5.7 Hz, 2H), 3.11e2.98 (m, 2H), 2.85 (ddd, J ¼ 18.2, 13.8, 6.2 Hz,
1H), 2.66e2.45 (m, 4H), 2.42 (t, J ¼ 7.2 Hz, 2H), 2.08e1.92 (m, 1H),
1.80e1.63 (m, 3H), 1.55 (d, J ¼ 13.1 Hz, 1H), 1.21 (d, J ¼ 7.1 Hz, 3H).
13C NMR (151 MHz, DMSO‑d6) d 172.93, 171.47, 171.05, 170.20,
169.06, 167.40, 155.91, 153.71, 146.47, 137.40, 136.38, 135.99, 132.14,
129.73, 127.03, 123.28, 122.40, 122.15, 120.38, 117.54, 113.28, 110.81,
109.33, 74.40, 73.39, 69.01, 68.64, 60.64, 48.64, 44.81, 41.70, 41.42,
40.98, 38.63, 33.79, 31.05, 30.40, 22.23, 14.96.

The other PROTAC molecules 9 to 21 were prepared following
the same procedures described for the synthesis of 8 in 40%e64%
yields.

N1-(3-((3-amino-5-((3S,4S)-4-amino-3-methyl-2-oxa-8-
azaspiro[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-
N4-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-
4-yl)amino)ethoxy)ethoxy)ethyl)succinamide(9) As yellow TFA
salts, UPLC-MS:[MþH]þ ¼ 907.66/909.45 found. 1H NMR (400MHz,
DMSO‑d6) d 11.10 (s, 1H), 9.56 (s, 1H), 8.01 (br, 3H), 7.94 (t, J¼ 5.6 Hz,
1H), 7.66 (s, 1H), 7.56 (dd, J¼ 8.4, 7.2 Hz, 1H), 7.46 (d, J¼ 7.9 Hz, 1H),
7.18e7.09 (m, 2H), 7.03 (d, J ¼ 7.1 Hz, 1H), 6.43 (d, J ¼ 7.9 Hz, 1H),
5.05 (dd, J¼ 13.0, 5.5 Hz, 1H), 4.26e4.06 (m, 3H), 3.88 (d, J¼ 9.0 Hz,
1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.61 (t, J ¼ 5.4 Hz, 2H), 3.58e3.49 (m,
4H), 3.46 (t, J ¼ 5.4 Hz, 2H), 3.43e3.35 (m, 3H), 3.20 (q, J ¼ 5.8 Hz,
2H), 3.12e2.97 (m, 2H), 2.87 (ddd, J ¼ 17.4, 13.9, 5.4 Hz, 1H),
2.66e2.44 (m, 4H), 2.41 (t, J ¼ 7.2 Hz, 2H), 2.08e1.96 (m, 1H),
1.78e1.62 (m, 3H), 1.56 (d, J ¼ 13.0 Hz, 1H), 1.21 (d, J ¼ 6.3 Hz,
3H).13C NMR (151 MHz, DMSO‑d6) d 173.04, 171.55, 171.14, 170.30,
169.13, 167.49, 156.04, 153.82, 146.56, 137.42, 136.41, 136.10, 132.24,
129.81, 127.12, 123.38, 122.52, 122.27, 120.35, 117.59, 113.16, 110.87,
109.40, 74.51, 73.47, 69.85, 69.76, 69.30, 69.03, 60.75, 48.74, 44.90,
41.86, 41.52, 41.09, 38.80, 33.89, 31.15, 30.52, 22.32, 15.02.

N1-(3-((3-amino-5-((3S,4S)-4-amino-3-methyl-2-oxa-8-
azaspiro[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-
N4-(2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)succi-
namide(10) As yellow TFA salts, UPLC-MS:[MþH]þ ¼ 951.61/953.44
found. 1H NMR (400MHz, DMSO‑d6) d 11.10 (s,1H), 9.56 (s,1H), 8.00
(br, 3H), 7.95 (t, J ¼ 5.8 Hz, 1H), 7.65 (s, 1H), 7.57 (dd, J ¼ 8.4, 7.2 Hz,
1H), 7.46 (d, J ¼ 7.9 Hz, 1H), 7.17e7.09 (m, 2H), 7.03 (d, J ¼ 7.0 Hz,
1H), 6.43 (d, J¼ 7.9 Hz,1H), 5.04 (dd, J¼ 12.9, 5.4 Hz,1H), 4.53e4.04
(m, 3H), 3.88 (d, J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.61 (t,
J ¼ 5.3 Hz, 2H), 3.58e3.42 (m, 10H), 3.41e3.35 (m, 3H), 3.19 (q,
J ¼ 5.8 Hz, 2H), 3.10e2.98 (m, 2H), 2.87 (ddd, J ¼ 17.8, 14.4, 5.3 Hz,
1H), 2.65e2.44 (m, 4H), 2.41 (t, J ¼ 7.2 Hz, 2H), 2.07e1.91 (m, 1H),
1.77e1.64 (m, 3H), 1.55 (d, J ¼ 12.9 Hz, 1H), 1.21 (d, J ¼ 6.6 Hz, 3H).
13C NMR (151 MHz, DMSO‑d6) d 173.03, 171.54, 171.11, 170.26,
169.09, 167.47, 155.99, 153.79, 146.54, 137.41, 136.40, 136.06, 132.21,
129.79, 127.10, 123.37, 122.51, 122.24, 120.37, 117.59, 113.20, 110.86,
109.35, 74.47, 73.44, 69.92, 69.73, 69.21, 69.01, 60.73, 48.71, 44.87,
41.83, 41.49, 41.05, 38.77, 33.87, 31.12, 30.49, 22.30, 15.00.

N1-(3-((3-amino-5-((3S,4S)-4-amino-3-methyl-2-oxa-8-
azaspiro[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-
N4-(3-(2-(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)
succinamide(11) As yellow TFA salts, UPLC-MS:[MþH]þ ¼ 979.72/
981.41 found. 1H NMR (400 MHz, DMSO‑d6) d 11.11 (s, 1H), 9.57 (s,
1H), 7.99 (s, 3H), 7.87 (t, J¼ 5.7 Hz, 1H), 7.66 (s, 1H), 7.57 (dd, J¼ 8.6,
7.1 Hz, 1H), 7.46 (d, J ¼ 7.9 Hz, 1H), 7.14 (t, J ¼ 8.0 Hz, 1H), 7.09 (d,
J¼ 8.6 Hz,1H), 7.01 (d, J¼ 7.1 Hz,1H), 6.68 (s, 1H), 6.41 (d, J¼ 7.9 Hz,
1H), 5.05 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.32e4.06 (m, 3H), 3.88 (d,
J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.58e3.31 (m, 15H),
3.13e2.98 (m, 4H), 2.88 (ddd, J ¼ 17.3, 14.0, 5.4 Hz, 1H), 2.67e2.43
(m, 4H), 2.39 (t, J¼ 7.2 Hz, 2H), 2.07e1.95 (m,1H),1.80 (p, J¼ 6.4 Hz,
2H),1.75e1.64 (m, 3H),1.65e1.51 (m, 3H),1.21 (d, J¼ 6.6 Hz, 3H). 13C
11
NMR (151 MHz, DMSO‑d6) d 172.86, 171.06, 170.95, 170.14, 168.86,
167.35, 155.85, 153.64, 146.45, 137.39, 136.31, 135.96, 132.21, 126.95,
123.21, 122.31, 122.05, 120.35, 117.11, 113.31, 110.39, 109.06, 74.34,
73.33, 69.81, 69.76, 69.72, 69.56, 68.24, 68.08, 60.55, 48.54, 44.76,
41.36, 40.92, 35.87, 33.72, 31.01, 30.46, 29.40, 22.19, 14.93.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(2-(2-
((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)amino)
ethoxy)ethyl)succinamide(12) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 863.37/865.17 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.07 (s, 1H), 9.57 (s, 1H), 8.05 (br, 3H), 7.98 (t, J ¼ 5.6 Hz, 1H), 7.66
(s, 1H), 7.56 (d, J ¼ 8.4 Hz, 1H), 7.46 (d, J ¼ 7.9 Hz, 1H), 7.14 (t,
J ¼ 8.0 Hz, 1H), 7.01 (d, J ¼ 2.0 Hz, 1H), 6.90 (dd, J ¼ 8.4, 2.1 Hz, 1H),
6.42 (d, J ¼ 7.8 Hz, 1H), 6.14 (s, 2H), 5.03 (dd, J ¼ 12.9, 5.4 Hz, 1H),
4.29e4.06 (m, 3H), 3.89 (d, J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.0 Hz, 1H),
3.59 (t, J ¼ 5.4 Hz, 2H), 3.49e3.31 (m, 5H), 3.24 (q, J ¼ 5.7 Hz, 2H),
3.12e2.96 (m, 2H), 2.87 (ddd, J ¼ 17.4, 13.9, 5.4 Hz, 1H), 2.67e2.44
(m, 4H), 2.42 (t, J ¼ 7.2 Hz, 2H), 2.08e1.93 (m, 1H), 1.81e1.63 (m,
3H), 1.56 (d, J ¼ 12.9 Hz, 1H), 1.21 (d, J ¼ 6.4 Hz, 3H). 13C NMR
(126 MHz, DMSO‑d6) d 172.84, 171.41, 170.95, 170.19, 167.71, 167.18,
155.80, 154.43, 153.64, 137.36, 135.94, 134.18, 129.67, 126.95, 125.08,
123.32, 122.38, 122.20, 120.38, 116.19, 113.42, 74.36, 73.27, 69.08,
68.35, 60.57, 48.67, 44.74, 42.45, 41.35, 40.94, 38.54, 33.72, 31.01,
30.41, 22.26, 14.92.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(2-(2-
(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)
amino)ethoxy)ethoxy)ethyl)succinamide(13) As yellow TFA salts,
UPLC-MS:[MþH]þ ¼ 907.24/908.95 found. 1H NMR (400 MHz,
DMSO‑d6) d 11.07 (s,1H), 9.56 (s,1H), 8.04e7.93 (m, 4H), 7.66 (s,1H),
7.55 (d, J¼ 8.4 Hz,1H), 7.45 (d, J¼ 7.9 Hz, 1H), 7.14 (t, J¼ 8.0 Hz,1H),
7.00 (d, J ¼ 2.1 Hz, 1H), 6.89 (dd, J ¼ 8.5, 2.1 Hz, 1H), 6.42 (d,
J ¼ 7.9 Hz, 1H), 5.02 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.38e3.98 (m, 3H),
3.88 (d, J ¼ 9.1 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.65e3.48 (m, 6H),
3.43e3.32 (m, 5H), 3.19 (q, J ¼ 5.8 Hz, 2H), 3.11e2.97 (m, 2H), 2.86
(ddd, J¼ 17.5, 14.1, 5.5 Hz, 1H), 2.65e2.42 (m, 4H), 2.41 (t, J¼ 7.2 Hz,
2H), 2.04e1.94 (m, 1H), 1.79e1.63 (m, 3H), 1.55 (d, J ¼ 12.9 Hz, 1H),
1.21 (d, J ¼ 6.8 Hz, 3H). 13C NMR (126 MHz, DMSO‑d6) d 172.88,
171.40, 171.00, 170.22, 167.74, 167.21, 155.85, 154.48, 153.68, 137.35,
135.98, 134.21, 129.70, 126.99, 125.10, 123.34, 122.41, 122.21, 120.36,
116.16, 113.35, 74.37, 73.36, 69.78, 69.62, 69.16, 68.76, 60.63, 48.69,
44.78, 42.52, 41.40, 40.97, 38.66, 33.77, 31.04, 30.41, 22.29, 14.92.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(2-(2-
(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)
amino)ethoxy)ethoxy)ethoxy)ethyl)succinamide(14) As yellow
TFA salts, UPLC-MS:[MþH]þ ¼ 951.19/953.40 found. 1H NMR
(400 MHz, DMSO‑d6) d 11.07 (s, 1H), 9.56 (s, 1H), 8.03e7.93 (m, 4H),
7.66 (s, 1H), 7.55 (d, J ¼ 8.3 Hz, 1H), 7.46 (d, J ¼ 7.9 Hz, 1H), 7.14 (t,
J ¼ 8.1 Hz, 1H), 7.00 (d, J ¼ 2.1 Hz, 1H), 6.89 (dd, J ¼ 8.4, 2.1 Hz, 1H),
6.42 (d, J ¼ 7.8 Hz, 1H), 5.03 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.29e4.01 (m,
3H), 3.88 (d, J¼ 9.1 Hz,1H), 3.68 (d, J¼ 9.1 Hz,1H), 3.59 (t, J¼ 5.4 Hz,
2H), 3.57e3.46 (m, 8H), 3.37 (dt, J ¼ 13.6, 5.7 Hz, 5H), 3.19 (q,
J¼ 5.8 Hz, 2H), 3.12e2.97 (m, 2H), 2.94e2.80 (m,1H), 2.65e2.43 (m,
4H), 2.41 (t, J ¼ 7.2 Hz, 2H), 2.04e1.93 (m, 1H), 1.77e1.63 (m, 3H),
1.55 (d, J ¼ 13.4 Hz, 1H), 1.21 (d, J ¼ 7.4 Hz, 3H). 13C NMR (126 MHz,
DMSO‑d6) d 172.83, 171.32, 170.94, 170.17, 167.70, 167.16, 155.81,
154.45, 153.64, 137.33, 135.95, 134.17, 129.66, 126.95, 125.05, 123.29,
122.36, 122.17, 120.34, 116.11, 113.37, 74.34, 73.33, 69.80, 69.76,
69.59, 69.10, 68.74, 60.58, 48.65, 44.74, 42.47, 41.36, 40.93, 38.63,
33.73, 31.00, 30.38, 22.26, 14.89.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(3-(2-
(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)
amino)propoxy)ethoxy)ethoxy)propyl)succinamide(15) As
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yellow TFA salts, UPLC-MS:[MþH]þ ¼ 979.72/981.41 found. 1H NMR
(400MHz, DMSO‑d6) d 11.07 (s, 1H), 9.57 (s, 1H), 8.01 (s, 3H), 7.87 (t,
J¼ 5.6 Hz,1H), 7.65 (s, 1H), 7.55 (d, J¼ 8.3 Hz,1H), 7.45 (d, J¼ 7.9 Hz,
1H), 7.14 (t, J ¼ 8.0 Hz, 1H), 6.94 (d, J ¼ 2.1 Hz, 1H), 6.84 (dd, J ¼ 8.4,
2.2 Hz, 1H), 6.42 (dd, J ¼ 7.9, 1.5 Hz, 1H), 6.13 (s, 2H), 5.02 (dd,
J ¼ 12.9, 5.4 Hz, 1H), 4.27e4.06 (m, 3H), 3.88 (d, J¼ 9.1 Hz, 1H), 3.68
(d, J ¼ 9.1 Hz, 1H), 3.56e3.33 (m, 10H), 3.21 (q, J ¼ 6.1 Hz, 2H),
3.13e2.97 (m, 4H), 2.86 (ddd, J ¼ 17.5, 14.0, 5.4 Hz, 1H), 2.65e2.42
(m, 4H), 2.39 (t, J¼ 7.2 Hz, 2H), 2.06e1.92 (m, 2H),1.77 (q, J¼ 6.5 Hz,
2H), 1.74e1.49 (m, 6H), 1.21 (d, J ¼ 7.0 Hz, 3H). 13C NMR (151 MHz,
DMSO‑d6) d 172.94, 171.18, 171.01, 170.26, 167.75, 167.23, 155.86,
154.52, 153.67, 137.40, 135.96, 134.23, 129.71, 127.00, 125.20, 123.28,
122.40, 122.13, 120.40, 115.93, 113.34, 74.38, 73.32, 69.83, 69.82,
69.65, 69.59, 68.11, 67.81, 60.61, 48.67, 44.78, 41.38, 40.94, 35.92,
33.76, 31.04, 30.50, 29.40, 22.30, 14.95.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(8-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)octyl)
succinamide(16) As yellow TFA salts, UPLC-MS:[MþH]þ ¼ 903.64/
905.38 found. 1H NMR (400 MHz, DMSO‑d6) d 11.10 (s, 1H), 9.56 (s,
1H), 7.99 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.66 (s, 1H), 7.57 (dd,
J¼ 8.6, 7.1 Hz,1H), 7.46 (d, J¼ 7.9 Hz,1H), 7.14 (t, J¼ 8.1 Hz,1H), 7.08
(d, J ¼ 8.6 Hz, 1H), 7.01 (d, J ¼ 7.0 Hz, 1H), 6.44e6.40 (m, 1H), 5.05
(dd, J ¼ 12.9, 5.4 Hz, 1H), 4.29e4.07 (m, 3H), 3.88 (d, J ¼ 9.1 Hz, 1H),
3.68 (d, J¼ 9.0 Hz,1H), 3.40 (t, J¼ 5.3 Hz,1H), 3.28 (t, J¼ 7.1 Hz, 2H),
3.13e2.97 (m, 4H), 2.95e2.80 (m, 1H), 2.66e2.43 (m, 4H), 2.39 (t,
J ¼ 7.2 Hz, 2H), 2.08e1.92 (m, 1H), 1.77e1.63 (m, 3H), 1.63e1.49 (m,
3H), 1.43e1.12 (m, 13H). 13C NMR (126 MHz, DMSO‑d6) d 172.78,
170.92, 170.07, 168.94, 167.29, 155.77, 153.61, 146.43, 137.31, 136.26,
135.94, 132.17, 129.63, 126.90, 122.27, 122.11, 120.32, 117.16, 113.36,
110.36, 109.00, 74.31, 73.31, 60.54, 48.55, 44.72, 41.85, 41.34, 40.90,
38.52, 33.70, 30.98, 30.49, 29.10, 28.71, 28.68, 26.35, 26.29, 22.16,
14.89.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(9-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)
nonyl)succinamide(17) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 917.66/919.40 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 8.03 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.65
(s, 1H), 7.56 (dd, J ¼ 8.0, 7.6 Hz, 1H), 7.47 (d, J ¼ 7.9 Hz, 1H), 7.13 (t,
J¼ 8.0 Hz,1H), 7.07 (d, J¼ 8.6 Hz,1H), 7.01 (d, J¼ 7.0 Hz,1H), 6.42 (d,
J ¼ 7.9 Hz, 1H), 5.05 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.27e4.06 (m, 3H),
3.88 (d, J¼ 9.2 Hz,1H), 3.68 (d, J¼ 9.1 Hz,1H), 3.40 (t, J¼ 5.4 Hz,1H),
3.27 (t, J ¼ 7.1 Hz, 2H), 3.12e2.95 (m, 4H), 2.95e2.81 (m, 1H),
2.67e2.44 (m, 4H), 2.39 (t, J ¼ 7.2 Hz, 2H), 2.07e1.93 (m, 1H),
1.78e1.62 (m, 3H), 1.62e1.48 (m, 3H), 1.42e1.12 (m, 15H). 13C NMR
(126 MHz, DMSO‑d6) d 172.83, 170.98, 170.11, 168.97, 167.32, 155.80,
153.63, 146.44, 137.34, 136.28, 135.95, 132.18, 129.65, 126.93, 123.21,
122.26, 122.10, 120.34, 117.17, 113.34, 110.39, 109.00, 74.35, 73.27,
60.55, 48.56, 44.73, 41.86, 41.34, 40.91, 38.56, 33.71, 31.00, 30.51,
29.14, 28.97, 28.73, 28.70, 26.40, 26.33, 22.18, 14.90.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(10-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)
decyl)succinamide(18) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 931.64/933.43 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 8.00 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.66
(s, 1H), 7.56 (dd, J ¼ 8.6, 7.1 Hz, 1H), 7.47 (d, J ¼ 7.9 Hz, 1H), 7.14 (t,
J ¼ 8.0 Hz, 1H), 7.06 (d, J ¼ 8.6 Hz, 1H), 7.01 (d, J ¼ 7.0 Hz, 1H), 6.43
(dd, J ¼ 8.0, 1.4 Hz, 1H), 5.05 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.27e4.06 (m,
3H), 3.88 (d, J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.40 (t,
J ¼ 5.3 Hz, 1H), 3.27 (t, J ¼ 7.1 Hz, 2H), 3.12e2.96 (m, 4H), 2.95e2.81
(m, 1H), 2.68e2.44 (m, 4H), 2.39 (t, J ¼ 7.2 Hz, 2H), 2.09e1.94 (m,
1H), 1.80e1.62 (m, 3H), 1.62e1.49 (m, 3H), 1.45e1.12 (m, 17H). 13C
NMR (126 MHz, DMSO‑d6) d 172.83, 171.00, 170.11, 169.01, 167.35,
12
155.86,153.68, 146.49, 137.32,136.28,136.01,132.23,129.66,126.95,
123.26, 122.30, 122.17, 120.29, 117.17, 113.30, 110.41, 109.07, 74.38,
73.36, 60.61, 48.61, 44.77, 41.91, 41.41, 40.97, 38.60, 33.77, 31.04,
30.55, 29.18, 29.00, 28.80, 28.73, 26.45, 26.37, 22.22, 14.91.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(11-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)
undecyl)succinamide(19) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 945.71/947.46 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 8.02 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.65
(s, 1H), 7.56 (dd, J ¼ 8.5, 7.1 Hz, 1H), 7.46 (d, J ¼ 7.9 Hz, 1H), 7.13 (t,
J¼ 8.0 Hz,1H), 7.07 (d, J¼ 8.6 Hz,1H), 7.01 (d, J¼ 7.0 Hz,1H), 6.42 (d,
J ¼ 7.8 Hz, 1H), 5.04 (dd, J ¼ 12.9, 5.4 Hz, 1H), 4.26e4.06 (m, 3H),
3.88 (d, J¼ 9.1 Hz,1H), 3.67 (d, J¼ 9.1 Hz,1H), 3.39 (t, J¼ 5.3 Hz,1H),
3.27 (t, J ¼ 7.1 Hz, 2H), 3.10e2.97 (m, 4H), 2.88 (ddd, J ¼ 17.4, 14.0,
5.4 Hz,1H), 2.65e2.43 (m, 4H), 2.39 (t, J¼ 7.2 Hz, 2H), 2.09e1.91 (m,
1H), 1.80e1.63 (m, 3H), 1.62e1.49 (m, 3H), 1.42e1.15 (m, 19H). 13C
NMR (126 MHz, DMSO‑d6) d 172.87, 171.01, 170.13, 169.00, 167.36,
155.83, 153.66, 146.48, 137.37, 136.32, 135.98, 132.21, 129.68, 126.96,
123.25, 122.31, 122.14, 120.38, 117.21, 113.39, 110.42, 109.02, 74.37,
73.31, 60.59, 48.59, 44.76, 41.88, 41.37, 40.94, 38.60, 33.75, 31.02,
30.53, 29.17, 29.04, 28.81, 28.72, 26.46, 26.36, 22.21, 14.93.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(12-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)
dodecyl)succinamide(20) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 959.79/961.48 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 8.01 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.66
(s, 1H), 7.56 (dd, J ¼ 8.6, 7.0 Hz, 1H), 7.47 (d, J ¼ 8.0 Hz, 1H), 7.14 (t,
J ¼ 8.0 Hz, 1H), 7.07 (d, J ¼ 8.6 Hz, 1H), 7.01 (d, J ¼ 7.0 Hz, 1H), 6.43
(dd, J¼ 8.0, 1.5 Hz, 1H), 5.05 (dd, J¼ 12.9, 5.4 Hz, 1H), 4.25e4.07 (m,
3H), 3.88 (d, J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.40 (t,
J ¼ 5.3 Hz, 1H), 3.27 (t, J ¼ 7.1 Hz, 2H), 3.12e2.95 (m, 4H), 2.88 (ddd,
J ¼ 17.5, 14.0, 5.4 Hz, 1H), 2.66e2.44 (m, 4H), 2.39 (t, J ¼ 7.2 Hz, 2H),
2.09e1.93 (m, 1H), 1.79e1.61 (m, J ¼ 5.1, 4.1 Hz, 3H), 1.61e1.50 (m,
3H), 1.42e1.14 (m, 21H). 13C NMR (126 MHz, DMSO‑d6) d 172.81,
170.98, 170.09, 168.99, 167.33, 155.82, 153.66, 146.47, 137.32, 136.27,
135.99, 132.21, 129.65, 126.93, 123.25, 122.29, 122.15, 120.30, 117.16,
113.33, 110.39, 109.05, 74.36, 73.33, 60.59, 48.59, 44.76, 41.88, 41.38,
40.95, 38.59, 33.75, 31.02, 30.53, 29.16, 29.03, 28.80, 28.79, 28.71,
26.45, 26.34, 22.20, 14.90.

N1-(3-((3-amino-5-((1R,2R)-1-amino-2-methyl-8-azaspiro
[4.5]decan-8-yl)pyrazin-2-yl)thio)-2-chlorophenyl)-N4-(13-((2-
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)tri-
decyl)succinamide(21) As yellow TFA salts, UPLC-
MS:[MþH]þ ¼ 973.77/975.46 found. 1H NMR (400 MHz, DMSO‑d6)
d 11.10 (s, 1H), 9.56 (s, 1H), 7.96 (br, 3H), 7.85 (t, J ¼ 5.6 Hz, 1H), 7.65
(s, 1H), 7.57 (t, J ¼ 7.8 Hz, 1H), 7.46 (d, J ¼ 8.0 Hz, 1H), 7.13 (t,
J¼ 8.1 Hz,1H), 7.08 (d, J¼ 8.6 Hz,1H), 7.01 (d, J¼ 7.0 Hz,1H), 6.42 (d,
J ¼ 8.0 Hz, 1H), 5.04 (dd, J ¼ 12.8, 5.4 Hz, 1H), 4.28e4.05 (m, 3H),
3.88 (d, J ¼ 9.0 Hz, 1H), 3.68 (d, J ¼ 9.1 Hz, 1H), 3.56e3.19 (m, 3H),
3.13e2.95 (m, 4H), 2.97e2.80 (m, 1H), 2.65e2.44 (m, 4H), 2.38 (t,
J ¼ 7.3 Hz, 2H), 2.08e1.89 (m, 1H), 1.79e1.62 (m, 3H), 1.62e1.49 (m,
3H), 1.48e1.11 (m, 23H). 13C NMR (126 MHz, DMSO‑d6) d 172.85,
171.00, 170.11, 168.99, 167.34, 155.80, 153.65, 146.48, 137.35, 136.32,
135.97, 132.20, 129.68, 126.95, 123.29, 122.32, 122.17, 120.39, 117.22,
113.45, 110.43, 109.02, 74.36, 73.35, 60.61, 48.59, 44.76, 41.88, 41.39,
40.94, 38.59, 33.75, 31.01, 30.53, 29.03, 28.80, 28.78, 26.44, 26.33,
22.20, 14.93.

5.2. Cell line and cell culture

The biphenotypic B myelomonocytic leukemia cell line MV4; 11
was obtained from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). MV4; 11 cells were maintained at 37 �C in
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Iscove’s Modified Dulbecco’s medium supplemented with 10% fetal
bovine serum (FBS) (GIBCO), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Invitrogen, USA). Cells were cultured according to
the provider’s instructions and maintained at 37 �C in a humidified
atmosphere containing 5% CO2 in air. Also, MV4; 11 cell line was
authenticated using STR profiling (Shanghai Genesky Biotech-
nology Co., Ltd.).

5.3. Western blotting analysis

ForWestern blotting analysis, 1.0 � 106 cells/well were plated in
6-well plates, then treated with individual compound at indicated
concentrations for a specific period of time. After that cells were
washed with ice-cold PBS and lysed with RIPA buffer containing
protease inhibitors for 30 min.

Equal amounts of protein were separated using SDS-PAGE and
subsequently transferred onto a nitrocellulose membrane. The
membranes were blocked with TBST buffer with 5% nonfat dry milk
and incubated with primary anti-human antibody followed by
secondary antibody. Software ImageJ was used to quantify the
percentage of SHP2 degradation.

5.4. Cell growth assay

Cells were seeded in 96-well cell culture plates at a density of
1.0e4.0 � 104 cells/well in 80 mL of culture medium. After 2 h of
incubation, the cells were treated with 20 mL of 0.01% DMSO or
varying concentrations of the test compounds for 72 h at 37 �C in an
atmosphere of 5% CO2.

Cell viability was measured using the CellTiter 96® Aqueous
non-radioactive cell proliferation assay (MTS; Promega, Madison,
WI). The combined solution of MTS/PMS (20 mL) was pipetted into
each well of the 96-well plates and incubated at 37 �C for 2e4 h.
The IC50 values were derived from a nonlinear regression model
(curve fit) based on a sigmoidal dose-response curve (variable
slope) and computed using GraphPad software. The results are
presented as the mean ± SEM from at least three separate assays
performed in triplicate.

5.5. Cell cycle arrest and apoptosis

For cell cycle analysis, after treatment cells were collected,
washed twice with cold PBS, fixed in ethanol overnight at 4 �C, and
finally stained with propidium iodide (PI) plus RNase for 15 min at
37 �C. For apoptosis assays, the cells were washed twice with ice-
cold PBS after drug treatment. Annexin V-FITC/PI Apoptosis
Detection Kit (KeyGen Biotech, Nanjing, China) was used to assess
apoptosis according to the manufacturer’s instructions. Data were
acquired using flow cytometry.
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