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1y and higher Lp (submicrometer) (Fig. 1C).
From the linear absorption coefficients (Fig. 2A),
the absorption lengths are L, ~ 100 nm (at A =
500 nm). These conservatively estimated carrier
diffusion lengths measured in CH;NH;Pbl; are
comparable to the optical absorption lengths for
A <500 nm but are shorter than the absorption
lengths at longer wavelengths. Increasing the
optical thickness of these layers through light-
trapping architectures compensates for this slight
mismatch, accounting for the high photocon-
version efficiencies reported in these systems
(9-14, 40).
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Product-to-Parent Reversion of
Trenbolone: Unrecognized Risks
for Endocrine Disruption
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Jonas Baltrusaitis,>® Gerrad D. Jones,? Peter V. Benchetler,? Emily A. Cole,?
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Trenbolone acetate (TBA) is a high-value steroidal growth promoter often administered to beef
cattle, whose metabolites are potent endocrine-disrupting compounds. We performed laboratory
and field phototransformation experiments to assess the fate of TBA metabolites and their
photoproducts. Unexpectedly, we observed that the rapid photohydration of TBA metabolites is
reversible under conditions representative of those in surface waters (pH 7, 25°C). This product-to-
parent reversion mechanism results in diurnal cycling and substantial regeneration of TBA
metabolites at rates that are strongly temperature- and pH-dependent. Photoproducts can also
react to produce structural analogs of TBA metabolites. These reactions also occur in structurally
similar steroids, including human pharmaceuticals, which suggests that predictive fate models and
regulatory risk assessment paradigms must account for transformation products of high-risk
environmental contaminants such as endocrine-disrupting steroids.

umans discharge a multitude of bioactive
organic contaminants into receiving wa-
ters that adversely affect aquatic organisms
(1-3). Risk assessment approaches for regulating

www.sciencemag.org SCIENCE VOL 342

these contaminants often are simplistic, typically
assuming that if degradation occurs, the associ-
ated ecological risk greatly decreases. However,
there is growing sentiment that some environ-
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mental transformation reactions result in mini-
mal mitigation of risk, forming products that retain
bioactive moieties, exhibit greater toxicity, or af-
fect different biological end points (4, 5).

The androgenic steroid trenbolone acetate
[TBA; 17B-(acetyloxy)estra-4,9,11-trien-3-one]
is an anabolic growth promoter implanted in
over 20 million cattle annually (6, 7), with annu-
al revenue attributable to its use likely exceed-
ing $1 billion (8). Given the extensive use of
TBA, its dominant metabolite [170-trenbolone
(170-TBOH)] and other known metabolites
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[17B-trenbolone (173-TBOH) and trendione (TBO)]
can be widespread in agricultural environments
(9, 10). 170-TBOH and 17B-TBOH are potent
endocrine-disrupting compounds, with concen-
trations as low as 10 to 30 ng/liter causing skewed
sex ratios and reduced fecundity in fish (7, 11).
Nevertheless, observations of TBA metabolite
occurrence have not yet translated to concern,
because they are believed to exhibit limited per-
sistence in receiving waters. For example, man-
ufacturer studies used for regulatory approvals
specifically point to limited ecosystem risks of
TBA metabolites due to rapid photodegrada-
tion (/2).

Accordingly, we previously identified the struc-
ture and bioactivity of TBA metabolite photo-
products, showing that 173-TBOH undergoes
rapid photohydration (/3) to yield 12,17-dihydroxy-
estra-5(10),9(11)-diene-3-one (or simply 12-hydroxy-
178-TBOH) (14, 15). An analogous C12-hydroxylated
photoproduct was identified for TBO (75), whereas
170-TBOH yields both major C12 [12-hydroxy-
170-TBOH (/5)] and minor C5 (5-hydroxy-17a-
TBOH) hydroxylated photoproducts (supplementary
text and figs. S1 and S2). Because these photopro-
duct mixtures retained bioactivity (15), we focused
on photoproduct stability across a range of condi-
tions representative of light (day) and dark (night)
surface waters. When photoproduct transformation
was observed, we used liquid chromatography
high-resolution tandem mass spectroscopy (LC-
HRMS/MS) and nuclear magnetic resonance (NMR)
to characterize the resulting product structures and
the potential for persistent bioactivity in surface
waters (/6).

Simulated day-night cycling experiments con-
ducted over 72 hours at pH 7, 25°C revealed un-
expected persistence of TBA metabolites (Fig. 1A).
For example, 170-TBOH decay during irradiation
was consistently followed by concentration rebound
during subsequent dark periods, with equivalent
rates of photodecay and dark regeneration for each
diumnal cycle. Both NMR (figs. S3 to S10) and
LC-HRMS/MS confirmed that 17a-TBOH was
regenerated in the dark. This dynamic behavior
appears to be linked to the thermal (i.e., nonpho-
tochemical) instability of C5 and C12 hydroxyl-
ated photoproducts, which decayed concurrently
with 170-TBOH regrowth.

A noteworthy feature of both 5- and 12-hydroxy-
170-TBOH is their allylic alcohol moiety (Fig.
1A). Steroidal allylic alcohols are prone to de-
hydration but typically under more aggressive
conditions (e.g., low pH and high temperature)
(17). However, our data suggest that 5- and 12-
hydroxy-17a-TBOH dehydrate under ambient
conditions, with the driving force being regen-
eration of the conjugated trienone system. This
coupled photohydration-dehydration mechanism
results in net reversibility of 17a-TBOH photol-
ysis, a product-to-parent reversion mechanism
also observed for other TBA metabolites (Fig.
1B). 17B-TBOH and TBO exhibited reduced
regrowth during 12-hour dark periods (~1% of
initial mass) relative to 17a-TBOH (~15%), which

we attribute to their photoproducts being more
susceptible to concurrent phototransformation
and hydroxylation rather than dehydration (sup-
plementary text and fig. S11).

We also simulated TBA metabolite transport
from the photic zone of surface water into darker
regions (such as lake hypolimnia, hyporheic zones,
or benthic sediments) by photolyzing TBA me-
tabolite solutions to >99% transformation (pH 7,
6 hours irradiation) and then storing the resulting
photoproduct mixtures in the dark for 5 days at
25°C. Consistent with the diurnal cycling experi-
ments, 17a-TBOH exhibited substantial reversion,
with over 60% of its initial mass recovered after
120 hours, whereas 178-TBOH and TBO yielded
10% recovery over this period (Fig. 2A).

The rates and extents of product-to-parent re-
version were highly dependent on solution condi-
tions, with some promoting rapid and near-complete
TBA metabolite regeneration. For example, 88 +
3% of the initial 170-TBOH mass was regenerated
nearly instantaneously when photoproduct mix-
tures were acidified to pH 2, with slightly lower
recoveries (66 + 5%) when raised to pH 12 (Fig.
2A). Reversion of 178-TBOH and TBO was also
acid-catalyzed (65 + 7% and 32 + 4% recovery,
respectively), but their regrowth was more lim-

ited at pH 12. We believe that these recoveries at
pH 2 probably reflect the maximum photoproduct
mass available for reversion.

The reversion of 17a-TBOH was also en-
hanced at pH 9 and pH 5, at least initially, relative
to pH 7 (Fig. 2B). Thus, acid- and base-catalyzed
reversion will probably result in higher 17a-TBOH
concentrations in mildly acidic or alkaline waters.
In fact, the initial rate of reversion at pH 5 is fast
enough to slow 17a-TBOH phototransformation
relative to the rate observed at neutral pH (supple-
mentary text and fig. S12). In manufacturer regulatory
studies, slower rates of 17a-TBOH phototransfor-
mation at pH 5 relative to pH 7 were attributed, we
believe incorrectly, to variations in solar irradiance
from cloudy weather experienced during data col-
lection at pH 5 (12).

Reversion is also temperature-dependent. At
pH 7, rates of 170-TBOH regrowth increased
nearly 30-fold from 5° to 35°C (Fig. 2C), a tem-
perature range representative of seasonal variations.
Faster reversion rates at 35°C ultimately allowed
more complete 170-TBOH recovery in the dark
(30% over 12 hours and 75% over 60 hours).
Accordingly, we expect photoproduct-to-parent
reversion to be most prominent in warm sunlit
waters, whereas colder winterlike conditions

>

17 0-TBOH (uM)
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100

(o]
o

log (G/C,)

—(O—170-TBOH
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Fig. 1. Diurnal cycling of TBA metabolites. (A) Day-night cycling of 170-TBOH (red), 12-hydroxy-
170-TBOH (gray), and 5-hydroxy-170-TBOH (black) at pH 7, 25°C. Data for 170-TBOH are presented as
aqueous concentration (left axis), whereas peak areas from spectrophotometric absorbance [wavelength
(A\) = 350 nm for 170-TBOH; A = 254 nm for photoproducts] are also presented (right axis). (B)
Corresponding data for 173-TBOH and TBO, where symbols with a center dot indicate values below our
detection limit. In these cases, data points correspond to this limit (~3 nM) for 178-TBOH and TBO. C/C,
time-dependent concentration normalized to initial concentration; h, hours; A.U., arbitrary units.
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Fig. 2. Dark regrowth of TBA metabolites and the influ- A
ence of pH and temperature on reversion. (A) Regener-
ation of 170-TBOH, 17B-TBOH, and TBO in photoproduct

REPO
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Fig. 3. Proposed acid-catalyzed reversible photohydration of 17¢-TBOH. Dashed green arrows
indicate pathways that break the product-to-parent reversion cycle. Red highlights detail the changes in
the trienone structure during photolysis and subsequent dehydration.

should promote photoproduct stability by slow-
ing dehydration.

Accounting for these effects, we can now present
amore complete characterization of TBA metabolite
fate in surface waters. Consistent with established

www.sciencemag.org SCIENCE VOL 342

pathways for allylic sterols (/7), we propose that
dehydration at moderately acidic to low pH pro-
ceeds via unimolecular (E1) elimination involving
the formation of a resonance-stabilized carbocation
(Fig. 3). Parent regeneration from this carbocation

intermediate may be accompanied by concurrent
transformations, including structural rearrange-
ments and/or reaction with naturally abundant nu-
cleophiles, to yield complex mixtures of isomers,
structural analogs, and substituted derivatives of
TBA metabolites with uncharacterized bioactiv-
ity. For example, while monitoring TBO photo-
product reversion at pH 5, we observed evidence
of photoproduct interconversion and formation of
a presumed structural analog that coelutes with
TBO (supplementary text and figs. S13 to S18).
These phenomena were not observed at neutral or
basic pH, which is consistent with the proposed acid-
promoted carbocation intermediate. At neutral and
basic pH, dehydration is more likely to proceed via
enol or enolate formation in parallel to reactions
yielding higher-order hydroxylated products.
Beyond model laboratory systems, we have
also observed reversion in more complex aquatic
matrices, including lowa River water (Fig. 4), as
well as in experiments using environmentally rel-
evant TBA metabolite concentrations (for example,
~420 ng/liter 17B-TBOH; fig. S19). To explore
reversion in agricultural receiving waters with
competing attenuation pathways (such as sorp-
tion and biodegradation), we dosed a small col-
lection pond on a rangeland with manure from
TBA-implanted cattle (supplementary text). After
overnight leaching increased 17a-TBOH concen-
trations in the pond to 6.1 ng/liter, concentrations
decreased by ~50% during the day, consistent with
phototransformation. At sunset, a large (31-liter)
sample was collected and processed so that

18 OCTOBER 2013
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Fig. 4. 170-TBOH dynamics in a field mesocosm and complex ] oo
aquatic matrices. After dosing the collection pond (at 22:00), ]
field samples (n = 4, in triplicate) were analyzed over 17 hours. At
sunset (15:00), the baseline sample was processed and split into .
subsamples, which were either acidified to pH 2.5, incubated [warm, i
temperature (T) = 35°C], refrigerated (cold, T = 1°C), or refrigerated
then incubated after 24 hours (cold to warm, T = 1° — 35°C). Group b
means are different [one-way analysis of variance: F(5,37) = 17.5,
P <0.001] if groups do not share the same letter as other groups
(Games-Howell post-hoc test: P < 0.05). Lines, boxes, and whiskers
represent median, interquartile, and minimum and maximum val-
ues, respectively. The inset shows regeneration of 170-TBOH in
photoproduct mixtures (dark, 25°C) in solutions of 10 mg/liter
Fluka Humic Acid (FHA), 250 mg/liter of bicarbonate as CaCO; (C),
and lowa River water (IR; turbidity, 15.1 nephelometric turbidity
units; alkalinity, 196 mg/liter as CaCOs; total hardness, 270 mg/liter
as CaCO0s; total dissolved organic carbon, 16.6 mg/liter; pH 8.2.).
Provided for comparison are data from a phosphate buffer (PB) sys-
tem. Unless noted, all systems were at pH 7. The rate of reversion is
less in lowa River water than would be expected for its alkaline pH,
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probably because of the slight inhibition observed in model systems
with Fluka Humic Acid and bicarbonate. (n=12) (n=3) pH=25 35°C 1°C 1~ 35°C
(n=3) (n=12)  (n=6) (n=6)

subsamples of this baseline sample could be sub-
jected to different storage conditions (Fig. 4).
Laboratory storage at 35°C significantly increased
170-TBOH concentrations (from 7 to 20 ng/liter;
Games-Howell post-hoc test, P = 0.003), whereas
samples stored at 1°C were statistically identical
to the baseline sample (Games-Howell post-hoc
test, P=0.65). However, when the temperature of
these 1°C samples was subsequently raised after
24 hours to 35°C, 170-TBOH concentrations sta-
tistically increased to 15 ng/liter (Games-Howell
post-hoc test, P = 0.005). These data are con-
sistent with expected trends for product-to-
parent reversion dynamics under actual field
conditions. Incidentally, we also observed sim-
ilar decay and regrowth characteristics for a major
uncharacterized, nontarget compound, probably
steroidal, in our gas chromatography—tandem mass
spectrometry chromatograms, whose occurrence
was highly correlated to known TBA metabolites
(figs. S20 to S22).

Although growth-promoting steroids provide
indisputable economic and environmental advan-
tages (such as reduced land use, nutrient loads,
and greenhouse gas emissions) for animal agri-
culture (/8), their use should not compromise
environmental health. Contrary to prevailing as-
sumptions of limited environmental persistence,
product-to-parent reversion results in the enhanced
persistence of TBA metabolites via a dynamic
exposure regime that defies current fate models
and ecotoxicology study designs. Reversion also
provides a route to novel steroidal isomers, struc-
tural analogs, and derivatives, or “environmental
designer steroids,” with as-yet-uncharacterized
propetties and risks. Temperature- and pH-dependent
reversion rates also imply substantial uncertainty
for nearly all existing TBA metabolite occurrence
data. Collectively, these possibilities suggest the
unrecognized occurrence of TBA metabolites
and/or structurally similar, bioactive transforma-

tion products that may contribute to otherwise
unexplained observations of endocrine disrup-
tion in agriculturally affected receiving waters
(19, 20). For example, although chemical analyses
often cannot identify causative agents, a recent
study indicated widespread (35% of tested waters)
androgenic activity in U.S. waters (21).

We also recently observed photoproduct-
to-parent reversion for dienogest, a potent pro-
gestin used as an oral contraceptive (22), and
for dienedione, an illicit anabolic steroid mar-
keted as a “bodybuilding supplement” (fig. S23).
Therefore, it appears that other pharmaceutical
steroids, namely those with dienone and trienone
moieties, also may exhibit enhanced environ-
mental persistence and pose greater ecological
risks than currently realized. In fact, although
this work focused solely on phototransforma-
tion, we believe that the propensity for rever-
sion is more generally linked to the conjugated
enone moiety of TBA metabolites and these
other pharmaceuticals. Ultimately, such obser-
vations of product-to-parent reversion illustrate
that comprehensive assessment of environmental
transformation products should be prioritized
for high-risk contaminants such as endocrine-
disrupting steroids. Further, the use of TBA or
similar steroids that are equally prone to envi-
ronmental transformations that preserve bioac-
tive moieties may need to be reevaluated in favor
of more-sustainable pharmaceutical technologies
designed to ensure ecosystem protection.
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Direct Spectroscopic Characterization
of a Transitory Dirhodium
Donor-Acceptor Carbene Complex

Katherine P. Kornecki, John F. Briones,? Vyacheslav Boyarskikh,? Felicia Fullilove,?
Jochen Autschbach,® Kaitlin E. Schrote,* Kyle M. Lancaster,* Huw M. L. Davies,?* John F. Berry**

A multitude of organic transformations catalyzed by dirhodium(il) (Rh;) complexes are thought to
proceed via the intermediacy of highly reactive, electrophilic carbenoid intermediates that have
eluded direct observation. Herein, we report the generation of a metastable Rh,-carbenoid
intermediate supported by a donor-acceptor carbene fragment. This intermediate is stable for a
period of ~20 hours in chloroform solution at 0°C, allowing for an exploration of its physical and
chemical properties. The Rh=C bond, characterized by vibrational and nuclear magnetic resonance
spectroscopy, extended x-ray absorption fine structure analysis, and quantum-chemical
calculations, has weak ¢ and m components. This intermediate performs stoichiometric
cyclopropanation and C—H functionalization reactions to give products that are identical to those

obtained from analogous Rh; catalysis.

ically provided a great deal of insight into the

mechanisms of chemical reactions (/), and
great progress has been made in the synthesis of
stable analogs of reactive electron-deficient spe-
cies such as carbenes and nitrenes (2). Carbenoids,
or metal-carbene species, first postulated in 1952
(3), vary widely in their stability and reactivity.
N-heterocyclic carbenes (A in Fig. 1), stabilized
by two N atoms that flank the carbene C atom,
are stable even in the absence of a metal but serve
well as unreactive spectator ligands to metals
(4, 5). When only one heteroatom is present, the
carbene ligand is unstable, but the resulting metal
complexes known as Fischer-type carbenes (B in
Fig. 1) can be isolated and employed as stoi-
chiometric reagents in reactions such as cyclo-
propanation (6). Schrock-type carbene complexes
(Cin Fig. 1) have no stabilizing heteroatoms on
the carbene carbon and promote catalytic olefin
metathesis (7). Addition of one or more electron-
accepting groups (such as esters) to the carbene
center destabilizes it further such that even the
metal complexes are often too unstable to iso-
late (D in Fig. 1). Acceptor carbene complexes

Isolation of reactive intermediates has histor-
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are thus often proposed as key intermediates in
a broad range of organic reactions. Outstanding
among these are Rh, tetracarboxylate-catalyzed
reactions of donor-acceptor diazocarbonyl com-
pounds, which result in a wide range of synthet-
ically useful transformations (8—/8) (for example,
Fig. 1, bottom). Additionally, the initial products
of these reactions are often themselves highly
reactive and can engage in domino sequences
that lead to the rapid construction of complex

products (/7). These systems are catalytically
extremely efficient, capable of achieving turn-
over numbers in excess of 1,000,000 at rates of
up to 300 turnovers per second (/4).

Although some examples of mononuclear
metal complexes of acceptor carbenes have been
isolated (/9-22), the Rh, carbenoid that is fea-
tured so prominently in the most efficient and
synthetically useful transformations described
above has long defied characterization. Our lim-
ited understanding of this intermediate has there-
fore relied on models that rationalize product
distributions, computational studies, and limited
kinetic studies (12, 23). This type of carbenoid
intermediate has remained elusive because, in most
instances, its formation is the rate-determining
step in the catalytic cycle (23). The only known
example of an isolated Rh, carbene complex is
that of the stable nucleophilic Arduengo car-
bene (24), which does not engage in the above-
mentioned electrophilic reactivity.

To observe an Rh,-carbenoid intermediate,
we have turned to donor-acceptor diazo esters,
in which the donor group is typically aryl or vinyl
(11, 25, 26). Both chemical and computational
studies indicate attenuated reactivities for donor-
acceptor carbenoids compared with acceptor-only
carbenoids, so much so that the C—H function-
alization step is predicted to have a similar acti-
vation energy to the carbenoid-generation step
(26). This attenuation not only leads to highly
selective transformations and very high catalyst

e R . ™ Fig. 1. Metallocarbenoid structure and
N XR R A reactivity. (Top) Classes of metallocarbenoids.
M=—:C, j M=C M=C M=C M, metal; R, alkyl or aryl. (Bottom) Diverse
N R R Y reactions involving dirhodium donor-acceptor
R Acceptor i
N-heterocyclic Fischer Schrock carbene carbenoids. Het, heterocycle.
carbene carbene  carbene A -CcoOOR
X=0,NR Y = H, COOR
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