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Figure 1: Graphical abstract. A four-step (longest-linear-sequence) convergent route to (R)-sitagliptin
from three commercial building blocks. Two fragments are united by a decarboxylative β-ketoamide coupling;
the C-3 stereocenter is installed enantioselectively by asymmetric hydrogenation of an unprotected β-enamine
amide.

Abstract

Sitagliptin, the active pharmaceutical ingredient of Januvia®, is a dipeptidyl peptidase-4 (DPP-
4) inhibitor whose activity resides in a single (R)-configured β-amino stereocenter. We present
a complete, internally consistent synthetic route to the sitagliptin free base that (i) begins from
three commercially available building blocks, (ii) has a longest linear sequence (LLS) of only four
steps—well within the ten-step constraint—and (iii) sets the C-3 stereocenter enantioselectively.
The strategic plan disconnects sitagliptin at the amide C–N bond into a triazolopyrazine amine
(commercial) and a β-amino-acid-derived acyl fragment; the stereocenter is traced back to a
prochiral, planar (Z)-β-enamine amide whose enantioselective reduction is the pivotal step.
Forward, the sequence is: (1) Meldrum’s-acid C-acylation of 2,4,5-trifluorophenylacetic acid;
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(2) convergent decarboxylative aminolysis to a β-ketoamide; (3) condensation with ammonia
to the (Z)-enamine; and (4) asymmetric hydrogenation with a cationic Rh/(R,S)-tBu-Josiphos
catalyst (∼95% ee, upgraded to >99% ee on salt formation). Every intermediate SMILES was
validated with RDKit, the (R) configuration was confirmed against the authentic drug, and
every step was verified to be mass-balanced in the transformed atoms. Each transformation
is supported by literature precedent. Machine-readable deliverables (route_table.csv and
synthesis_metrics.json) accompany this report.

1 Introduction and Target Definition

Sitagliptin is an orally active, selective inhibitor of dipeptidyl peptidase-4 (DPP-4) marketed for
the management of type 2 diabetes mellitus. Its manufacture is a landmark case study in industrial
asymmetric catalysis and green chemistry, having earned the 2006 Presidential Green Chemistry
Challenge Award for the asymmetric-hydrogenation route and later serving as the flagship ex-
ample of process biocatalysis [4, 3]. The pharmacological activity is enantiospecific: only the
(R)-enantiomer of the single β-amino stereocenter is active, so any viable route must control the
configuration at C-3.

Target. The synthetic target is the sitagliptin free base:

(R)-3-amino-1-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)-4-
(2,4,5-trifluorophenyl)butan-1-one.

Canonical SMILES: N[C@@H](CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)Cc1cc(F)c(F)cc1F

Molecular formula: C16H15F6N5O; MW 407.32 g mol−1; stereocenter: C-3, (R).
The (R) assignment of this SMILES was confirmed by RDKit’s CIP perception and by an exact
canonical-SMILES match to the authentic drug structure deposited in public databases (Drug-
Bank/PubChem).

Design constraints. The route was designed to satisfy the following explicit requirements: (a)
start from commercially available building blocks (named, with availability noted); (b) contain
at most ten steps in the longest linear sequence; (c) set the C-3 stereocenter enantioselectively;
(d) provide, for each step, reactant/product SMILES, the named reaction class, reagents and con-
ditions, and at least one literature citation on a related substrate; and (e) guarantee that every
intermediate is a valid structure and every step is mass-balanced in the transformed atoms. The
route presented here need not—and does not—reproduce any single published synthesis verbatim,
but each individual transformation is precedented.

2 Retrosynthetic Analysis

The retrosynthetic logic (Figure 2) is governed by two questions: where to break the molecule for
maximum convergency, and how to introduce the C-3 stereocenter with the least risk and the fewest
protecting-group operations.
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Figure 2: Retrosynthetic analysis. Three strategic disconnections reduce (R)-sitagliptin to three com-
mercial building blocks. Disconnection 1 (amide C–N) is the convergent fragment coupling; disconnection 2
defines the stereochemical strategy (the stereocenter derives from a prochiral enamine set by asymmetric
hydrogenation); disconnection 3 (C1–C2) is a Meldrum’s-acid carbon-homologation.
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Disconnection 1 — the amide C–N bond (convergent coupling). The most obvious and
most strategic disconnection cleaves the tertiary amide that links the two halves of the molecule.
This severs sitagliptin into (i) Fragment B, the heterocyclic amine 3-(trifluoromethyl)-5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine, and (ii) Fragment A, a β-amino-acid-type acyl donor
bearing the aryl group and the future stereocenter. Because Fragment B is a bench-stable, commer-
cially manufactured DPP-4 building block, uniting the two fragments late maximizes convergency
and confines the stereochemically demanding chemistry to the smaller Fragment A.

Disconnection 2 — the stereochemical strategy (C-3). Rather than carry the stereocenter
through the synthesis as a configurationally labile β-amino group, we defer its creation to the
final bond-forming event. The C-3 amine is disconnected to a prochiral, fully conjugated (Z)-β-
enamine amide (“dehydrositagliptin”). Forward, this retron corresponds to an enantioselective
hydrogenation: delivery of H2 across the planar enamine C=C, under the control of a chiral
transition-metal catalyst, sets the (R) center directly and with no chiral auxiliary. This is the
pivotal design decision of the route. Three attractive features follow: (a) the prochiral enamine is
a crystalline, easily purified solid; (b) the free (−NH2) amine need not be protected, eliminating
protecting-group steps; and (c) the enantiodetermining step is also the last step, so any minor
enantiomer can be purged by a single downstream crystallization.

Disconnection 3 — the C1–C2 carbon homologation. Fragment A is traced back through
its β-ketoamide and β-ketoacid progenitors to 2,4,5-trifluorophenylacetic acid and Meldrum’s
acid. Meldrum’s acid is a classical two-carbon (acyl-anion equivalent) linchpin: C-acylation fol-
lowed by decarboxylative capture installs the C( O) CH2 C( O)– 1,3-dicarbonyl motif in one
convergent operation, delivering the β-ketoamide directly when the acyl-Meldrum’s adduct is heated
with the amine.

Summary of strategy. The plan is deliberately convergent and redox-economical: two commer-
cial fragments meet at a single amide coupling (Step 2); the 1,3-dicarbonyl is built with a traceless
linchpin (Meldrum’s acid); and the lone stereocenter is created enantioselectively in the terminal
step. No protecting groups and no chiral auxiliaries are required.

3 Forward Synthesis

The forward route is shown structure-by-structure in Figure 3. A compact, human-readable sum-
mary of the four steps appears in Table 1; the complete machine-readable table—with full reactant
and product SMILES for every step—is reproduced in landscape as Table 5 and is provided as
route_table.csv.
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Figure 3: Forward synthesis of (R)-sitagliptin (LLS = 4 steps). Byproducts of each step are noted
in parentheses. The convergent coupling of the two fragments occurs at Step 2; the stereocenter is set at
Step 4.
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Table 1: Compact route summary. Full SMILES for every species are given in Table 5.

Step Transformation (named
class)

Key reagents / conditions Precedent

1 C-Acylation of Meldrum’s acid
(Yonemitsu acylation); C–C
bond formation via a
CDI-activated acid

CDI, then Meldrum’s acid,
Et3N / cat. DMAP, CH2Cl2,
0 °C→rt

[8, 7, 2]

2 Decarboxylative aminolysis of
the acyl-Meldrum’s adduct
(β-ketoamide formation)
[convergent coupling]

Triazolopyrazine·HCl,
i-Pr2NEt, toluene, 60–80 °C
(−acetone, −CO2)

[2, 1, 7]

3 Enamine (β-enaminone amide)
formation; condensation of a
1,3-dicarbonyl with ammonia

NH4OAc (or NH3), cat. AcOH,
MeOH, 40–60 °C (−H2O)

[1, 2]

4 Enantioselective
hydrogenation of an
unprotected β-enamine amide
(sets C-3, R)

[Rh(cod)Cl]2 /
(R,S)-tBu-Josiphos, H2 (17
bar), NH4Cl, MeOH, 50 °C;
∼95% ee

[1, 6, 9]

3.1 Step-by-step detail

Step 1 — Meldrum’s-acid C-acylation. Reaction class: C–C bond formation / acylation of
an active methylene by a CDI-activated carboxylic acid.
Reactants: OC(=O)Cc1cc(F)c(F)cc1F (2,4,5-trifluorophenylacetic acid) + CC1(C)OC(=O)CC(=O)O1 (Mel-
drum’s acid).
Product (I-1): CC1(C)OC(=O)C(C(=O)Cc2cc(F)c(F)cc2F)C(=O)O1 (C14H11F3O5, MW 316.23).
Conditions: activate the acid with N,N ′-carbonyldiimidazole (CDI, 1.1 equiv) in CH2Cl2 or MeCN
(0 °C→rt); add Meldrum’s acid (1.0 equiv) with Et3N (2 equiv) and catalytic DMAP.
Byproduct (transformed atoms): H2O. Balance: C8H5F3O2 + C6H8O4 C14H11F3O5 + H2O
(balanced).
Precedent: CDI azolide activation of carboxylic acids [8]; Meldrum’s-acid acylation as the gen-
eral entry to β-dicarbonyls [7]; the identical acylation on this exact arylacetic acid in the Merck
first-generation sitagliptin process [2].

Step 2 — convergent decarboxylative aminolysis (β-ketoamide). Reaction class: amide
(β-ketoamide) bond formation with loss of acetone and CO2; this is the convergent fragment cou-
pling.
Reactants: I-1 + FC(F)(F)c1nnc2CNCCn12 (triazolopyrazine free base, from the HCl salt).
Product (I-2): O=C(CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)Cc1cc(F)c(F)cc1F (C16H12F6N4O2, MW 406.29).
Conditions: free-base the triazolopyrazine hydrochloride with i-Pr2NEt (1.2 equiv); heat with I-1
in toluene or MeCN at 50–80 °C. Thermolysis of the acyl-Meldrum’s adduct expels acetone and
CO2, generating a reactive acylketene that is trapped by the secondary amine.
Byproducts (transformed atoms): acetone CC(C)=O + CO2 O=C=O. Balance: C14H11F3O5 + C6H7F3N4
C16H12F6N4O2 + C3H6O + CO2 (balanced).
Precedent: the acyl-Meldrum’s/amine route to this specific β-ketoamide is used in the Merck
sitagliptin processes [2, 1]; general Meldrum’s-acid decarboxylative acyl transfer [7].
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Step 3 — enamine formation (dehydrositagliptin). Reaction class: condensation of a 1,3-
dicarbonyl with ammonia to give a conjugated β-enaminone amide.
Reactant: I-2 + NH3.
Product (I-3): NC(=CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)Cc1cc(F)c(F)cc1F (C16H13F6N5O, MW 405.30).
Conditions: ammonium acetate (1.5–3 equiv) or 7 N NH3, catalytic AcOH, MeOH, 40–60 °C.
Condensation occurs chemoselectively at the ketone (not the amide), and the product crystallizes
as the intramolecularly hydrogen-bonded (Z)-enamine.
Byproduct (transformed atoms): H2O. Balance: C16H12F6N4O2 + NH3 C16H13F6N5O + H2O
(balanced).
Precedent: formation of exactly this crystalline (Z)-enamine amide en route to sitagliptin [1, 2].

Step 4 — enantioselective hydrogenation (sets C-3). Reaction class: asymmetric (enan-
tioselective) hydrogenation of an unprotected β-enamine amide; the stereo-defining step.
Reactant: I-3 + H2.
Product: N[C@@H](CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)Cc1cc(F)c(F)cc1F ((R)-sitagliptin, C16H15F6N5O,
MW 407.32).
Conditions: [Rh(cod)Cl]2 (0.15 mol%) with (R,S)-tert-butyl Josiphos (0.155 mol%), H2 (250 psi
≈ 17 bar), NH4Cl additive, MeOH, 50 °C, ∼18 h. Enantioselectivity is ∼95% ee directly and is
upgraded to >99% ee on isolation as a crystalline salt (e.g., the phosphate monohydrate).
Byproducts: none (formal syn addition of H2). Balance: C16H13F6N5O + H2 C16H15F6N5O
(balanced).
Precedent: the direct asymmetric hydrogenation of this unprotected enamine amide with Rh/Josiphos
[1]; the strategy and scope of Rh/ferrocenylphosphine asymmetric hydrogenation at scale [6, 9].

4 Stereochemical Analysis of the Key Step

The single stereocenter is installed in Step 4 (Figure 4). The substrate is a planar, prochiral (Z)-
β-enamine amide; the two faces of its C=C are enantiotopic. A cationic Rh(I) center chelated
by the ferrocenyl bisphosphine (R,S)-tBu-Josiphos coordinates the substrate through the enamine
nitrogen and the alkene, and delivers hydrogen to a single prochiral face. The ligand’s chiral pocket
differentiates the two enantiofaces, giving the (R)-amine preferentially.
Two practical design elements make the unprotected-enamine hydrogenation robust. First, an
ammonium salt additive (NH4Cl) reversibly protonates the basic free amine, preventing the amine
from binding to and deactivating the rhodium catalyst—this insight is what allowed protecting-
group-free hydrogenation to succeed [1, 6]. Second, because the stereocenter is formed last, the
small amount of undesired (S)-enantiomer is efficiently rejected during the final salt crystallization,
so the isolated drug substance reaches >99% ee.

4.1 Alternative stereo-defining strategies (design robustness)

The retrosynthesis deliberately targets a β-ketoamide/enamine node because that node is compat-
ible with several independent enantiocontrol tactics. Should the Rh-catalyzed hydrogenation be
undesirable (e.g., to avoid precious metals), the same late intermediates admit drop-in replacements:

• Biocatalytic transamination. An engineered (R)-selective ω-transaminase converts the
β-ketoamide (I-2) directly to (R)-sitagliptin using isopropylamine as the amine donor, with



Convergent Enantioselective Route to (R)-Sitagliptin 8

Figure 4: Stereochemical basis of the C-3-setting step. Face-selective addition of H2 to the prochiral
enamine, under Rh/(R,S)-tBu-Josiphos control, generates the (R) stereocenter (highlighted). The NH4Cl
additive protonates the free amine, suppressing catalyst poisoning.

no metal and no high-pressure hydrogenation [3, 11]. This route replaced the metal-catalyzed
step in commercial manufacture.

• Direct asymmetric reductive amination. The β-ketoamide can be converted to the
(R)-amine in a single catalytic operation under Ru- or Rh-catalyzed asymmetric reductive
amination conditions [5].

• Diastereoselective / resolution routes. Practical asymmetric and dynamic-resolution
routes to sitagliptin exploiting chiral auxiliaries or crystallization-induced resolution provide
a non-catalytic fallback [10].

All three alternatives converge on the same β-ketoamide/enamine intermediates, underscoring the
strategic value of the chosen disconnections.

5 Synthesis Metrics: LLS and Convergency

The step accounting is summarized in Figure 5 and Table 2, and provided as synthesis_metrics.json.
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Figure 5: Convergent fragment strategy and step accounting. Two branches (the arylacetic-
acid→acyl-Meldrum’s branch and the commercial triazolopyrazine branch) converge at the Step-2 β-
ketoamide coupling; two further steps complete the synthesis.

Table 2: Synthesis metrics for the designed route.

Metric Value

Longest linear sequence (LLS) 4 steps (constraint: ≤10; satisfied)
Total isolated synthetic steps performed 4
Commercial building blocks 3 (2,4,5-trifluorophenylacetic acid;

Meldrum’s acid; triazolopyrazine·HCl)
Convergent fragment unions 1 (at Step 2)
Steps before the convergent coupling (Fragment A) 1
Post-coupling LLS 2
Stereo-defining step Step 4 (asymmetric hydrogenation)
Expected enantioselectivity ∼95% ee (route); >99% ee after salt

crystallization
Convergency ratio (triazolopyrazine treated as commercial) LLS/total = 4/4 = 1.00
Convergency ratio (triazolopyrazine made in-house, ∼3 steps) LLS/total = 4/7 = 0.57 (genuinely

convergent)
All intermediates valid (RDKit) Yes
All steps mass-balanced Yes (see Table 3)

On convergency. The route unites two independently sourced fragments at Step 2. Because the
triazolopyrazine (Fragment B) is a stocked commercial building block, all four isolated operations lie
on the longest linear sequence; the synthesis is strategically convergent (roughly half of the molecular
framework is introduced at the coupling step) even though, as performed, LLS = total steps. If
a manufacturer chose to prepare Fragment B in-house—industrially about three steps from an
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aminopyrazine or piperazinone precursor via hydrazide formation, cyclization with a trifluoroacetyl
equivalent, and reduction—the total step count would rise to seven while the LLS would remain
four, yielding a convergency ratio of 4/7 = 0.57.

6 Mass Balance Verification

Every step was verified to be mass-balanced in the transformed atoms by explicit atom counting
(RDKit, hydrogens added). The stoichiometric equations and elemental balances are collected in
Table 3; in every case the left- and right-hand atom inventories are identical once the indicated
byproducts are included.

Table 3: Step-wise mass balance (transformed atoms; byproducts shown explicitly). All rows verified
programmatically.

Step Balanced equation (molecular formulae) Byproducts Balanced?

1 C8H5F3O2 + C6H8O4 C14H11F3O5 + H2O H2O Yes
2 C14H11F3O5 + C6H7F3N4 C16H12F6N4O2 + C3H6O + CO2 acetone, CO2 Yes
3 C16H12F6N4O2 + NH3 C16H13F6N5O + H2O H2O Yes
4 C16H13F6N5O + H2 C16H15F6N5O none Yes
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7 Building Blocks and Commercial Availability

Table 4: Commercial starting materials and their roles.

Building block CAS Formula / MW Availability & role

2,4,5-
Trifluorophenylacetic
acid

209995-38-0 C8H5F3O2 / 190.12 Bulk commodity
(Sigma-Aldrich, TCI,
Combi-Blocks,
Ambeed,
BLD Pharm), kg scale.
Supplies the aryl
group and C1–C2 of
the butanone chain.

Meldrum’s acid
(2,2-dimethyl-1,3-
dioxane-4,6-dione)

2033-24-1 C6H8O4 / 144.13 Commodity reagent
(Sigma-Aldrich, TCI,
Thermo/Alfa,
Combi-Blocks).
Traceless C1 linchpin
that installs the C-3
carbonyl.

3-(Trifluoromethyl)-
5,6,7,8-tetrahydro-
[1,2,4]triazolo[4,3-
a]pyrazine
hydrochloride

762240-92-6 (HCl salt) C6H7F3N4 (free base) / 192.14 Dedicated DPP-4
building block, stocked
by Sigma-Aldrich,
TCI, Combi-Blocks,
Ambeed, BLD Pharm
(kg scale). Provides
the heterocyclic amide
nitrogen
(Fragment B).

Ancillary reagents (CDI, DMAP, Et3N, i-Pr2NEt, NH4OAc/NH3, NH4Cl, H2) and the catalyst
components ([Rh(cod)Cl]2 and (R,S)-tBu-Josiphos) are all commercially available; the ferrocenyl
Josiphos ligand family is sold specifically for industrial asymmetric hydrogenation [9].

8 Machine-Readable Deliverables

Three machine-readable artifacts accompany this report and are the primary deliverables of the
route-design task:

1. route_table.csv — one row per step, with fields: step, phase, transformation_name,
named_reaction_class, reactant_SMILES, product_SMILES, product_name,
product_formula, product_MW, reagents_and_conditions, byproducts_SMILES,
mass_balanced, and literature_citations. Its content is reproduced in Table 5.

2. synthesis_metrics.json — LLS, total steps, convergency accounting, stereochemical strat-
egy, expected ee, validity/mass-balance flags, and the alternative stereo-defining strategies.
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3. structures.json — validated canonical SMILES, molecular formulae, exact masses, and
CIP stereocenter assignments for every building block and intermediate.

All chemistry was validated with RDKit: every SMILES parses to a valid molecule, the target’s
(R) configuration matches the authentic drug, and every step’s atom inventory balances.

9 Conclusion

We have designed a complete, precedented, and internally verified synthetic route to the (R)-
sitagliptin free base. The route is short (LLS = 4, well within the ten-step limit), convergent (two
commercial fragments meet at a single amide coupling), and free of protecting groups and chiral
auxiliaries. The lone stereocenter is created enantioselectively in the final step by asymmetric
hydrogenation of an unprotected β-enamine amide, an approach whose robustness is reinforced by
two orthogonal fallbacks (biocatalytic transamination and asymmetric reductive amination) that
operate on the same intermediates. Every intermediate structure is valid and every step is mass-
balanced in the transformed atoms, and each transformation is supported by literature precedent
on closely related substrates.
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Appendix: Full Machine-Readable Route Table

Table 5: Complete route table (contents of route_table.csv). SMILES are shown for all reactants (dot-separated) and products.

# Reaction class Reactant SMILES Product SMILES Conditions
(abbrev.)

Cites

1 C-Acylation of
Meldrum’s acid
(CDI-activated acid)

OC(=O)Cc1cc(F)c(F)cc1F
.
CC1(C)OC(=O)CC(=O)O1

CC1(C)OC(=O)C(C(=O)Cc2cc(F)c(F)cc2
F)C(=O)O1

CDI; then
Meldrum’s acid,
Et3N/DMAP, DCM,
0 °C→rt

[8, 7, 2]

2 Decarboxylative
aminolysis
(β-ketoamide);
convergent coupling

CC1(C)OC(=O)C(C(=O)Cc2cc(F)c(F)cc2
F)C(=O)O1
.
FC(F)(F)c1nnc2CNCCn12

O=C(CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)
Cc1cc(F)c(F)cc1F

triazolopyrazine·HCl,
i-Pr2NEt, PhMe,
60–80 °C
(−acetone,−CO2)

[2, 1, 7]

3 Enamine formation
(1,3-dicarbonyl +
NH3)

O=C(CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)
Cc1cc(F)c(F)cc1F
.
N

NC(=CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)
Cc1cc(F)c(F)cc1F

NH4OAc, cat.
AcOH, MeOH,
40–60 °C (−H2O)

[1, 2]

4 Asymmetric
hydrogenation
(sets C-3, R)

NC(=CC(=O)N1CCn2c(nnc2C(F)(F)F)C1)
Cc1cc(F)c(F)cc1F
.
[H][H]

N[C@@H](CC(=O)N1CCn2c(nnc2C(F)(F)F
)C1)Cc1cc(F)c(F)cc1F

[Rh(cod)Cl]2/(R,S)-
tBu-Josiphos, H2 17
bar, NH4Cl, MeOH,
50 °C

[1, 6, 9]
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