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region around the Si4 ring with a bifurcation
threshold (0.755) similar to that reported for
homoaromatic carbon rings (32). This feature
is also present in the ELF isosurface, including
just HOMO to HOMO−3. When the HOMO−1
is excluded, the ELF surface now starts to re-
semble the topology of the torus link computed
using the p-MOs of benzene (33).

In order to quantify the aromaticity of 3a,b,
we calculated the nucleus-independent chemical
shift, NICS(0), at the center of the Si4 ring of 3b
(−23.8 ppm), which indicates substantial aroma-
ticity (benzene ~ −10 ppm) but may also include
shielding effects from the s-framework (34). To
estimate these latter effects, we computed the
NICS(0) value for 4, the hypothetical saturated
hydrogenation product of 3b. This in silico
reduction has the effect of sequestering the two
Si lone pair electrons and hence suppressing the
dismutational resonance. The result (−6.4 ppm)
suggests that the strongly diatropic NICS(0)
value of 3b is truly due to aromaticity. Further
confirmation is obtained from the NICS(0) value
of −3.3 ppm for the 3Au triplet (and presumed non-
aromatic) state of 3b (resonance C) (Scheme 2).

In order to place 3b in terms of relative en-
ergy, we calculated two of its isomers with Dip
substituents: the experimentally known hexasila-
prismane (18) and the hypothetical hexasila-
benzene. Both turned out to be lower in free
energyDG298 [B3LYP/6-31G(d); 3b, 0.0; prismane,
−11.7; benzene, −4.3 kcal mol−1] with the hexasi-
labenzene surprisingly situated midway, which
raises the intriguing possibility of a future syn-
thesis of a stable hexasilabenzene.

The general formalism leading to the type of
aromaticity exemplified by 3a-c is a twofold
formal 1,2-shift of substituents in the classical

Hückel aromatic compounds: a double intra-
molecular dismutation. The formal oxidation
states of the silicon atoms in 3a-c are +2 (SiR2),
+1 (SiR), and 0 (Si) as opposed to the uniform
oxidation state of +1 in hexasilabenzenes. We
propose the term dismutational aromaticity for a
phenomenon that in principle should be applica-
ble to any classical Hückel aromatic compound
with at least six ring atoms.
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Combined Effects on Selectivity
in Fe-Catalyzed Methylene Oxidation
Mark S. Chen and M. Christina White*

Methylene C–H bonds are among the most difficult chemical bonds to selectively functionalize because
of their abundance in organic structures and inertness to most chemical reagents. Their selective
oxidations in biosynthetic pathways underscore the power of such reactions for streamlining the
synthesis of molecules with complex oxygenation patterns. We report that an iron catalyst can achieve
methylene C–H bond oxidations in diverse natural-product settings with predictable and high
chemo-, site-, and even diastereoselectivities. Electronic, steric, and stereoelectronic factors, which
individually promote selectivity with this catalyst, are demonstrated to be powerful control elements
when operating in combination in complex molecules. This small-molecule catalyst displays site
selectivities complementary to those attained through enzymatic catalysis.

Methylene (secondary) C–H bonds are
ubiquitous in organic structures and
are often viewed by organic chemists

as the inert scaffold upon which the traditional
chemistry of “reactive” functional groups is per-
formed. In contrast, the enzymatic oxidation of
methylenes (i.e., C–H to C–O) is a fundamental
transformation in biological systems and is crit-

ical for drug metabolism and the biosynthesis of
secondary metabolites (1, 2). Selectivity in en-
zymatic catalysis is dictated by the local chem-
ical environment of the enzyme active site, a
feature that inherently limits substrate scope.
Despite important advances in the discovery
of catalysts for C–H oxidation, the ability to di-
rectly functionalize isolated, unactivated second-

ary C–H bonds with useful levels of selectivity
in complex molecule settings under prepara-
tively useful conditions (i.e., limiting amounts
of substrate) has been restricted to the realm of
enzymatic catalysis. A small-molecule catalyst
capable of performing methylene oxidations
with broad scope, predictable selectivities, and
in preparatively useful yields would have a
transformative effect on streamlining the prac-
tice of organic synthesis.

The paucity of methods for the oxidation of
isolated, unactivated, and nonequivalent secondary
C–H bonds underscores that they are, arguably,
the most challenging chemical bonds to selec-
tively functionalize. Reactivity for oxidizing such
bonds had been observed with several cata-
lysts, but generally in substrates where selectiv-
ity issues are circumvented (e.g., cyclohexane →
cyclohexanone) (3–11) or else where reactive sites
are either electronically activated (i.e., adjacent
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to p-systems or heteroatoms) (12–15) or oriented
favorably toward a directing group (16–19). The
electron-rich nature of tertiary C–H bonds and
their relative scarcity makes them more facile
targets for selective oxidation (3–5, 19, 20). Bio-
inspired catalysts with elaborate binding pockets
have been viewed as the most promising candi-
dates to effect site selectivity in unactivated, non-
directed methylene oxidations (21).

We recently reported a bulky, electrophilic
catalyst [Fe(S,S-PDP) 1] (Fig. 1C) (3, 4) that
uses H2O2 with acetic acid as an additive (22) to
stereospecifically oxidize isolated, unactivated
tertiary C–H bonds across a broad range of sub-
strates. Surprisingly, predictably high levels of
site selectivity were shown to be possible with
1 based on subtle steric and electronic differ-
ences among multiple tertiary C–H bonds. En-
couraged by these results, we hypothesized that
such a catalyst that is highly responsive to a com-
bination of electronic and steric effects would
be well suited for selective secondary C–H bond
oxidation. Chemoselectivity advantages for sec-
ondary C–H bond oxidation may arise from in-
creased steric accessibility compared to tertiary
C–H bonds and greater electron-rich character
compared to primary C–H bonds (Fig. 1A). Be-
cause secondary C–H bonds have intermediate
electronic properties, they may be particularly

amenable to tuning by both electronic activa-
tion and deactivation. Moreover, since second-
ary C–H bonds are prevalent in ring systems,
a variety of stereoelectronic effects (i.e., the
influence of orientation of electron orbitals in
space on chemical reactivity) may be readily
exploited to achieve high site selectivity in their
functionalization.

Here, we report that the same bulky, elec-
trophilic Fe(S,S-PDP) 1 catalyst is capable of
site-selective oxidation of isolated, unactivated
secondary C–H bonds to afford mono-oxygenated
products in preparatively useful yields—without
the use of directing or activating groups. The
site selectivities can be predicted in complex
molecular settings on the basis of steric, elec-
tronic, and stereoelectronic rules derived from
simple compounds. Whereas individually these
effects in some cases afford modest selectivity,
when manifest in combination in natural-product
settings they result in useful levels of chemo-,
site-, and even diastereoselective methylene oxi-
dations (Fig. 1B). Moreover, because site selec-
tivity in the case of small-molecule catalyst 1 is
driven by its sensitivity to the local chemical en-
vironment of the substrate, we can achieve site

selectivities complementary to those obtained in
biotransformations.

The highly electrophilic oxidant generated
with (S,S)-1 and H2O2 allows for substantial
electronic control over secondary C–H oxidation
site selectivities (Fig. 2). n-Hexane, a hydrocarbon
with no electronic biasing elements, is oxidized
with no site selectivity (primary C–H bond oxi-
dation has not been observed with 1), forming
ketones 2 and 3 in equal amounts (Fig. 2, entry
1) (23). The oxidation of methylene C–H bonds
furnishes ketone products through alcohol inter-
mediates via two stepwise, rapid oxidations (al-
cohols have been detected under conditions of
limiting oxidant). A single electron-withdrawing
group (EWG), such as a terminal ester, deacti-
vates proximal sites via inductive effects, thereby
introducing differential electronic environments
that bias the site of oxidation. Specifically, high
selectivity for ketone formation is observed at the
most electron-rich methylene site (~50% yield),
corresponding to that farthest from the EWG
(entries 2 to 5). Consistent with our expectations
(see above), the electronic biasing effect on
methylene oxidations with (S,S)-1 appears to be
very strong; electronic deactivation by the ester

Fig. 1. (A) Chemical properties of aliphatic C-H
bonds. (B) Synergistic effects on site selectivity.
Steric, stereoelectronic (influence of orientation
of electron orbitals in space on reactivity), and
electronic influences on reactivity with catalyst
1 have an additive effect in complex molecule
settings, which can lead to highly predictable and
selective outcomes. (C) Electrophilic, bulky cata-
lyst Fe(S,S)-PDP (1) for predictably selective
aliphatic C–H oxidation.

Fig. 2. Electronic influences
(inductive effects) on site se-
lectivity in the oxidation of
secondary C–H bonds of acy-
clic and cyclic substrates. An
iterative addition protocol
was used in which catalyst
1, H2O2 oxidant, and AcOH
additive were added in three
portions over a 30-min peri-
od to decrease the rate of bi-
or multimolecular catalyst
decomposition relative to sub-
strate oxidation (3, 4, 23).
Methylene C–H oxidation with
1 occurs preferentially at the
methylene site most remote
from EWGs; rsm, % recovered
unoxidized starting material.
The average mass balance for
entries 2 to 13 is 94%.
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moiety in methylheptanoate 5 results in high
selectivity for oxidation at the remote C-6 posi-
tion relative to four other proximal secondary
sites (entry 3, 51% yield). When tertiary sites
are positioned a or b to EWGs, the above trend
still holds, highlighting the utility of this tactic
for effecting the chemoselective oxidation of
secondary C–H bonds in preference to tertiary
C–H bonds (entries 4 and 5).

Electronic deactivation of proximal meth-
ylene sites also leads to predictably selective
outcomes for oxidations within five- and seven-
membered ring systems. In all cases examined,
the major product is a result of ketonization at
the methylene site most remote from the EWG
(Fig. 2, entries 6 to 13). Consistent with selec-
tivity trends found with acyclic substrates, cyclo-
pentanone shows no conversion due to strong
electronic deactivation of secondary sites a or
b to the carbonyl (entry 6). Increased product
formation as high as 60% (11, entry 9) is ob-
served as the EWG is rendered less inductively
withdrawing and/or more remote from the ring
(entries 7 to 9). Similar reactivity trends are ob-
served with the oxidation of seven-membered
rings; however, the benefits of an EWG on site
selectivities are less pronounced (entries 10 to
13). For example, as the EWG is rendered less
inductively withdrawing, the increased reac-
tivity is offset by the erosion of site selectivity
due to increased oxidation at the more prox-
imal C3 position (entries 12 and 13). This trend
reveals that a careful balance between substrate
reactivity and selectivity must be struck when
relying on electronic deactivation alone to achieve
site selectivity with these simple substrates.

Examination of a series of six-membered cy-
clic substrates with EWGs demonstrated no pref-
erence for the more electronically favored C4
methylene site over the more proximal C3 site
(Fig. 3A, entries 1 and 2). However, an increase
in [C3:C4] site selectivity was observed with a
sterically bulkier ring substituent that was no
longer electronically deactivating (i.e., tert-butyl,
entry 3). These trends suggest that stereoelec-
tronic parameters based on conformational ef-
fects are strong contributing factors to the
observed product distribution in six-membered
ring oxidations with 1 (entries 1 to 3). In these
cases, torsional strain between the bulky equa-
torial group and vicinal methylenes, generated by
unfavorable 1,3-diaxial interactions at C1 and
C3, is alleviated upon C3 C–H oxidation (24). In
addition, such sterically bulky substituents also
contribute to selectivity by inhibiting oxidation
at adjacent sites. Methylene sites adjacent to bulky
t-butyl or gem-dimethyl groups are disfavored
in oxidations with (S,S)-1; a positions are con-
sistently oxidized in the lowest statistical yields
(2% C2-ketone, entry 3; Fig. 3B, entry 4).

The bulky nature of the (S,S)-1 catalyst even
allows for subtle steric influences to have no-
table effects on the chemoselectivity of second-
ary versus tertiary C–H bond oxidations (Fig.
3B, entries 5 and 6). cis-Isomer 29, containing

equatorial tertiary sites, undergoes preferential
tertiary hydroxylation to provide alcohol 30 in
55% yield (tertiary:secondary = 4:1, entry 5).
In contrast, oxidation of trans-isomer 33, con-
taining only axial tertiary sites, affords predom-
inantly secondary C–H bond oxidation products
35 and 36 in a combined 50% yield (tertiary:
secondary = 1:2, entry 6). Although a preference

for equatorial versus axial tertiary C–H bond
oxidation has been noted for dioxirane oxi-
dants (5), a reversal in chemoselectivity to favor
secondary C–H bond oxidation has not been
previously reported. This is most likely because
the strong electronic preference for tertiary hy-
droxylation with an electrophilic oxidant can
be overridden only with a very bulky oxidant

Fig. 3. Stereoelectronic, steric, and electronic influences (hyperconjugative activation) on chemose-
lectivity and site selectivity in the oxidation of secondary C–H bonds in six-membered rings. (A) Alleviation
of torsional ring strain in six-membered rings favors formation of C3- over C4-ketone products. Average
mass balance for entries 1 to 3 is 89%. (B) Steric factors can lead to both site selectivity and chemose-
lectivity for secondary C–H bond oxidation in preference to tertiary C–H bonds with bulky catalyst 1.
The average mass balance for entries 4 to 6 is 86%. (C) Electron activation (via hyperconjugation) of
aliphatic secondary C–H bonds for site-selective methylene oxidation; rsm, % recovered unoxidized
starting material.
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like that formed with catalyst (S,S)-1/H2O2.
We hypothesized that the collective influence
of these individual steric effects on site selectivity
can have a combined effect on the selective oxi-
dation of substrates with increased conforma-
tional rigidity (see below).

Although not required, electronic activating
groups (EAGs) can be used to achieve site se-
lectivities with catalyst 1 that are orthogonal to
those based on inductive or steric effects (Fig.
3C). Groups capable of hyperconjugative acti-
vation, i.e., donation of electron density from a
filled orbital to the antibonding orbital of a C–H
bond, may be used to activate adjacent C–H bonds
toward oxidation. The strained cyclopropane
ring, having appreciable p-character in the C–C

bonding orbitals, can activate the cyclopropyl-
carbinyl methylenes through hyperconjugation
(25). For example, cyclopropanes can direct sec-
ondary C–H bond oxidations at sites that are
sterically or inductively deactivated. Although
quaternary alkyl substitution diverts oxidation
away from a-hydrogens on a cyclohexane ring
(Fig. 3B, entry 4), selective oxidation at these
sites occurs when a cyclopropyl group is in-
stalled (Fig. 3C, entry 7). The site selectivity in
the oxidation of methylheptanoate can also be
altered to favor the C5 position (disfavored
based on inductive effects: Fig. 2, entry 3, C5:C6 =
1:3) via the incorporation of a cyclopropyl
moiety (Fig. 3C, entry 8, C5:C6 = 6:1). Follow-
ing the previously established electronic trends,

the more electron-rich of the two methylene sites
flanking the cyclopropyl ring is still selectively
oxidized. No oxidation of tertiary C–H bonds on
the cyclopropyl ring was observed. Another pow-
erful form of hyperconjugative activation is the
interaction of lone-pair electrons of an ethereal
oxygen with adjacent C–H bonds (26, 27). This
electronic activating effect enables the selective
oxidation of five- and six-membered cyclic ethers
into lactone products (entries 9 and 10). Lower
product yields and poor mass balance in these
cases can be attributed to overoxidation of the
open-chain hydroxyaldehyde form of the inter-
mediate lactol. Consistent with this explanation,
when a seven-membered cyclic ether is oxidized,
lactone is not observed but adipic acid (48) is

Fig. 4. Additive effects of steric, electronic, and stereoelectronic factors on
the selectivity of secondary C-H bond oxidations of terpenoids. A slow addi-
tion protocol was used in which catalyst 1 and H2O2 oxidant were added via
syringe pump over a 1-hour period to decrease the rate of bi- or multi-
molecular catalyst decomposition relative to substrate oxidation (4, 23).
(A) Electronic and steric deactivation, as well as stereoelectronic activa-
tion via alleviation of 1,3-diaxial six-membered ring interactions, lead to pre-
dictable and highly selective oxidations by 1 on manool-derived dione (−)-49.
(B) Cyclopropane-induced methylene activation (via hyperconjugative elec-

tron activation), as well as electronic deactivation, leads to selective oxi-
dation of (−)-51. (C) Transformation of (−)-ambroxide (53) into (+)-55 via
sequential, intermolecular secondary C–H oxidation. Microbial biotrans-
formations of (−)-53 and (+)-54 demonstrate site selectivities orthogonal
to those of Fe(R,R-PDP) 1. For a complete list of all the oxidation products
formed in the microbial oxidations, see figs. S1 and S2 (23). (D) Energy-
minimized structure of (−)-dihydropleuromutilone (56). (E) Diastereose-
lective methylene hydroxylation of (−)-56; rsm, % recovered unoxidized
starting material.
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isolated in 87% yield (entry 11). In more confor-
mationally rigid substrates, overoxidation is not
observed (see below). Benzylic sites are also
activated toward selective oxidation, although
this effect is limited by the requirement for EWG
substitution on the aromatic ring to prevent its
oxidation (compound S1) (23).

Having established a framework of selectiv-
ity rules for catalyst 1 with relatively simple mol-
ecules, we sought to apply the system to complex
natural products. In this respect, we sought to
mimic the action of selective oxidative enzymes
like the cytochrome P-450s. Terpenoids, the largest
and most diverse class of natural products, are
biosynthesized through pathways that introduce
oxygen functionality independent of C–C bond–
forming events. Topologically diverse hydrocar-
bon skeletons are forged through a sequence of
carbonyl condensations, reductions that remove
postcondensation oxygen functionality, and cycli-
zations (28). Oxidation patterns are subsequently
installed via late-stage oxidative tailoring en-
zyme modifications (1). We hypothesized that
the individual electronic, steric, and stereoelec-
tronic effects on selectivity in oxidations of sim-
ple compounds with catalyst 1 (see above) would
be heightened when combined in complex mol-
ecule settings.

We first examined the oxidation of dione
(−)-49, a molecule derived from the diterpenoid
(+)-manool, that comprises a substituted trans-
decalin core and contains a total of 28 C–H
bonds, 14 of which are secondary and two ter-
tiary (Fig. 4A). According to our selectivity rules,
we hypothesized that the two tertiary sites should
be electronically and sterically deactivated toward
oxidation: C9 is a to a ketone, and C5 is both
in an axial orientation and adjacent to a gem-
dimethyl group. With regards to methylene oxi-
dation, we recognized that the two ketones
electronically deactivate the side chain and the
entire B ring, leaving the secondary C–H bonds
of the A ring as the most likely sites for oxida-
tion. The most distal site from the sterically bulky
quaternary centers on the A ring is C2; moreover,
repulsive 1,3-diaxial interactions with two methyl
substituents (C15 and C16) may be relieved by
C2 C–H bond oxidation. Despite nine possible
sites of oxidation, we observed oxidation at only
the C2 and C3 sites. Consistent with our analysis,
C2 is the major site of oxidation affording (−)-50
in 53% isolated yield (12% recovered starting ma-
terial, rsm). This example highlights the capacity
for distinct selectivity factors to become mutu-
ally reinforcing in a complex molecule setting,
thereby producing predictable and highly selec-
tive oxidation of secondary C–H bonds.

Site selectivity through hyperconjugative
activation is demonstrated with the Fe(PDP)-
catalyzed oxidation of the terpenoid derivative
(−)-51, a compound with a sensitive carbogenic
framework composed of a cyclopropane- and
cyclobutane-annulated nine-membered ring (Fig.
4B). We hypothesized that the cyclopropane
moiety would effectively override steric effects

and activate the two adjacent methylene groups,
with C3 being favored for oxidation relative to C6
because of its remoteness from the ketone moiety.
Upon exposure of (−)-51 to catalyst 1, a number
of minor, unidentified oxidation products were
observed; however, oxidation at C3 occurred pref-
erentially to furnish ketone (−)-52 as the major
product in a preparatively useful 45% yield (5%
rsm). This oxidation proceeds in higher yield
and selectivity with (R,R)-1 than (S,S)-1, which
we rationalize as a better matching of catalyst
geometry with substrate topology.

Selective, sequential oxidations (27) may be
achieved with an electrophilic oxidant by engag-
ing an electron-activating group, in an otherwise
electronically unbiased hydrocarbon skeleton,
to direct the initial site of oxidation. Upon oxi-
dation, the newly installed ketone, acting as
an EWG, will inductively bias the molecule
during further oxidation. The two-step oxida-
tive transformation of (−)-ambroxide (53) into
(+)-2-oxo-sclareolide (55) demonstrates the
power of this strategy to effect highly selective
sequential oxidations with (R,R)-1 (Fig. 4C).
The first methylene oxidation exploits the ac-
tivated C–H bonds on the five-membered cyclic
ether (C ring) to achieve high site selectivity
at one site among nine other possible sites of
oxidation. Oxidation of the a-ethereal C–H
bonds furnishes (+)-(3R)-sclareolide (54) in
80% yield, even amid numerous other electron-
ically and sterically accessible secondary and
tertiary sites of oxidation. The newly installed
lactone of (+)-54 now serves as an EWG to
inductively deactivate the B and C rings, mak-
ing the secondary C–H bonds on the A ring
most favorable toward further oxidation. As
noted above with an analogous trans-decalin
structure [(−)-49], C2 and C3 are the only no-
table sites of oxidation with catalyst 1/H2O2.
Among these two sites, C2 is favored on the
basis of destabilizing diaxial interactions and
results in (+)-2-oxo-sclareolide (55) being the
major oxidation product in 46% isolated yield
(9% rsm). Oxidation of (−)-53 with catalyst
1 afforded very little yield of (+)-55, even at
higher catalyst and oxidant loadings. This ob-
servation suggests that rapid catalyst decompo-
sition may play a role in preventing overoxidations
with this mild oxidant (4). Through an inter-
play of electronic activation and deactivation,
opposite hemispheres of a complex molecule
can be selectively oxidized through intermo-
lecular oxidation steps with a single catalyst.
Oxidations of (−)-53 and (+)-54 with microbial
enzymes, which are reported to furnish some
of the oxidation products we observe with cat-
alyst 1, require substantially longer reaction
times (3 to 14 days), provide (+)-54 from (−)-53
in only minimal yield (<5%), and demonstrate
no observable formation of (+)-55 from (+)-54
(Fig. 4C) (29, 30). These examples illustrate that
site-selective oxidations can be predictably achieved
with catalyst 1 that are often complementary to
those accessible via enzymatic oxidations.

Pleuromutilin and its derivatives have attracted
extensive attention from both the pharmaceutical
and academic communities because of their po-
tent activities against drug-resistant Gram-positive
bacteria and their unusual tricyclic diterpenoid
structure. Despite potent antibacterial activities,
their hydrophobic nature limits their solubility
and promotes rapid degradation by cytochrome
P-450 at the C2 and C8 positions, resulting in in-
active metabolites (31). On the basis of our find-
ings with (−)-53 and (+)-54, we anticipated that
catalyst (S,S)-1 would selectively oxidize at an
alternative site, providing a distinct functional
group handle for further chemical modification.
High levels of regio-, chemo-, and stereoselectiv-
ity were observed in the oxidation of pleuromutilin
derivative dihydropleuromutilone [(−)-56)] with
(S,S)-1/H2O2 (Fig. 4, D and E). The C14 glycolic
acid side chain, a prevalent site for chemical
modification, remained intact during oxidation.
This result illustrates the extraordinary chemose-
lectivity possible with this oxidant; even a primary
alcohol can be electronically deactivated from oxi-
dation when a to a carbonyl. Electron-withdrawing
carbonyl and ester moieties effectively deactivate
the five- and eight-membered rings toward elec-
trophilic oxidation with (S,S)-1/H2O2, rendering
the six-membered ring as themostly likely region
for oxidation. Although the axial tertiary C–H
bond at C6 is electronically accessible, it is
situated in the sterically congested cavity of the
five- and six-membered fused ring system (Fig.
4D). We hypothesized that the C7 methylene is
the single most electron-rich and sterically acces-
sible site for oxidation by catalyst (S,S)-1/H2O2.
Consistent with this analysis, we observed that
62% of the starting material is oxidized specif-
ically at C7 (24% rsm) among 11 possible sites of
oxidation. The major oxidation product is the
result of diastereoselective hydroxylation at the
more sterically accessible equatorial secondary
C–H bond, providing (−)-57 as a single isomer in
42% isolated yield (Fig. 4E). In comparison,
ketone at C7 [(−)-58] is provided in only 20%
yield. Although the C–H bond of a secondary
alcohol is highly electronically activated toward
oxidation, energy minimization of (−)-56 shows
that this bond is sterically deactivated by vir-
tue of its proximity to the eight-membered ring
(Fig. 4D).

A small-molecule reagent sensitive to the local
chemical environment of the substrate has en-
abled selective methylene C–H oxidations that
are predictable using the fundamental concepts
of electronics, sterics, and stereoelectronics. We
anticipate that these findings will contribute to
redefining how C–H bonds are viewed in syn-
thetic planning, future methods development,
and the exploration of molecular diversity.
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A Basal Alvarezsauroid Theropod from
the Early Late Jurassic of
Xinjiang, China
Jonah N. Choiniere,1* Xing Xu,2 James M. Clark,1 Catherine A. Forster,1 Yu Guo,2 Fenglu Han2

The fossil record of Jurassic theropod dinosaurs closely related to birds remains poor. A new
theropod from the earliest Late Jurassic of western China represents the earliest diverging
member of the enigmatic theropod group Alvarezsauroidea and confirms that this group is a
basal member of Maniraptora, the clade containing birds and their closest theropod relatives. It
extends the fossil record of Alvarezsauroidea by 63 million years and provides evidence for
maniraptorans earlier in the fossil record than Archaeopteryx. The new taxon confirms extreme
morphological convergence between birds and derived alvarezsauroids and illuminates incipient
stages of the highly modified alvarezsaurid forelimb.

The presence of the basal avialan (1–3)
Archaeopteryx in the latest Late Jurassic
(Tithonian) and the poor fossil representa-

tion of more basal maniraptoran taxa in contem-
poraneous or slightly older deposits indicate either
a gap in the stratigraphic record or, more
controversially, that birds are not related to
theropods (4). Recent discoveries of Middle-Late
Jurassic maniraptorans (5–7) from China are
starting to fill in the temporal gap, but the ages
of these new taxa are poorly resolved (8, 9), and
they do not clarify basal maniraptoran diversifica-
tion because very little character evidence
separates them from birds (5, 7).

Here, we describe a three-dimensionally pre-
served, nearly complete skeleton of an alvarezsau-
roid theropod, Haplocheirus sollers, gen. et spec.
nov. (10), from orangemudstone beds in the upper
part of the Shishugou Formation in Wucaiwan
area, Junggar Basin, Xinjiang, China. Radiometric
dating constrains the age of this fossil to between
158.7 T 0.3 and 161.2 T 0.2 Ma (million years
ago) (11), corresponding to the Oxfordian marine
stage in the early Late Jurassic (12). The dates for
Haplocheirus reduce the conflict between the
fossil record and phylogenetic hypotheses that
early maniraptoran diversification took place in
the Jurassic. Alvarezsauroids are known from
South America (13–15), Asia (16–19), North
America (20, 21), and Europe (22, 23). The basal
phylogenetic position and early temporal position
of Haplocheirus imply that Alvarezsauroidea
originated in Asia rather than South America
(14, 20). Derived members of the Alvarezsaur-

oidea were originally thought to be flightless basal
avialans (18) because they share many morpho-
logical characteristics with birds, including a
loosely sutured skull, a keeled sternum, fused
wrist elements, and a posteriorly directed pubis.
Haplocheirus preserves plesiomorphic morpho-
logical characteristics that confirm a basal position
for Alvarezsauroidea within Maniraptora (24),
demonstrating that these features of derived
alvarezsauroids represent dramatic convergences
with birds.

IVPP (Institute of Vertebrate Paleontology
and Paleoanthropology) V15988 (Figs. 1 and 2
and figs. S4 to S9) is ~140 cm in total body
length as preserved but is missing the end of the
tail (estimated total length 190 to 230 cm; table
S1). The bones of the braincase are coossified
and the neurocentral sutures are visible, suggest-
ing that the animal is likely a young adult or late-
stage subadult.

The gracile, low skull (Fig. 2A and figs. S4 to
S7) is well preserved in three dimensions. The
narrow, elongate rostrum becomes taller andwider
just anterior to the large, anterolaterally facing
orbits. The dorsoventrally thin jugal is triradiate,
unlike the rodlike jugal of more derived alvar-
ezsauroids (17). In lateral view, the basisphenoid is
oriented at 45° to horizontal, a condition present in
some troodontids (25) and in alvarezsauroids (17).
The basipterygoid processes are long and project
ventrolaterally, a morphology known only in
primitive birds and alvarezsauroids among Ther-
opoda (17).

At least 30 small maxillary teeth are
present in Haplocheirus, as in Shuvuuia (17),
Pelecanimimus (26), therizinosauroids (27),
and troodontids (28). Unlike the conical, unser-
rated teeth ofMononykus (28) and Shuvuuia (29),
however, the maxillary teeth of Haplocheirus are
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