
as DOE (design of experiments) are powerful
tools for synthesis (30–32), yet they typically
focus on performing minimal numbers of exper-
iments, as large numbers of experiments are
often resource- and time-intensive to conduct.
However, because large numbers of experiments
are readily feasiblewith this nanomole-scale chem-
istry platform, we were able to construct a three-
factorial, four-level response surface modeling
experiment to study the loading of catalyst against
varying stoichiometries of base and nucleophile
in the reaction of chloride6with amine 10. In this
DOE experiment, each condition was repeated
twice, resulting in 128 total reactions with <3mg
of 6. Indeed, a high-quality response surface
model was generated with the nanomole-scale
chemistry approach (Fig. 2D), which helped to
define the critical charges of nucleophile and
base for optimal reaction performance. The opti-
mized conditions used 15 mol % 42 at 0.05 M
concentration; by translating to more practical
conditions of 5 mol % 42 and 0.24 M concentra-
tion, we obtained full conversion and a 79%
isolated yield of 46 on a 25-mg scale, which was
reproduced to obtain a 76% isolated yield on a 1-g
scale (Fig. 2D). This result shows that advanced
statistical reaction analysis, which is typically
reserved for chemistry opportunities where mate-
rial is plentiful, can be applied to reactions in the
material-limited front lines of drug discovery or
natural product synthesis.
In biomedical research, chemical synthesis

should not limit access to any molecule that is
designed to answer a biological question. This
work demonstrates an example of how conditions
for complex Pd-catalyzed C-O, C-N, and C-C cross-
coupling reactions can be evolved into a powerful,
substrate-focused approach to chemistry minia-
turization to overcome limited access to complex
products. With innovative research, other high-
value modern chemistry reactions could be sim-
ilarly designed into this paradigm to improve
synthesis in material-limited environments by
evolution of catalysts and reagents to perform
in DMSO, NMP, or other high-boiling solvents
at ambient temperature.
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QUANTUM OPTICS

Quantum harmonic oscillator state
synthesis by reservoir engineering
D. Kienzler,* H.-Y. Lo, B. Keitch, L. de Clercq, F. Leupold, F. Lindenfelser,
M. Marinelli, V. Negnevitsky, J. P. Home*

The robust generation of quantum states in the presence of decoherence is a primary
challenge for explorations of quantummechanics at larger scales. Using themechanical motion
of a single trapped ion, we utilize reservoir engineering to generate squeezed, coherent, and
displaced-squeezed states as steady states in the presence of noise.We verify the created state
by generating two-state correlated spin-motion Rabi oscillations, resulting in high-contrast
measurements. For both cooling and measurement, we use spin-oscillator couplings that
provide transitions between oscillator states in an engineered Fock state basis. Our approach
should facilitate studies of entanglement, quantum computation, and open-system quantum
simulations in a wide range of physical systems.

R
eservoir engineering is a method in which
specially designed couplings between a sys-
tem of interest and a zero-temperature
environment can be used to generate quan-
tum superposition states of the system as

the steady state of the dissipative process, inde-
pendent of the initial state of the system (1–3).
Theoretical work has shown the potential for
using such engineered dissipation for univer-
sal quantum computation (4) and in providing

new routes to many-body states (5–7). Experi-
mentally, these techniques have been used to
generate entangled superposition states of qubits
in atomic ensembles (8), trapped ions (9, 10), and
superconducting circuits (11). Theoretical proposals
for quantum harmonic oscillator state synthesis
by reservoir engineering extend from trapped
ions (2, 3) to superconducting cavities (12, 13)
and nanomechanics (14).
Here, we experimentally demonstrate the gen-

eration and stabilization of quantum harmonic
oscillator states by reservoir engineering based
on the original proposal of Cirac et al. (1), which
we use to generate and stabilize squeezed,

SCIENCE sciencemag.org 2 JANUARY 2015 • VOL 347 ISSUE 6217 53

Institute for Quantum Electronics, ETH Zürich, Otto-Stern-Weg 1,
8093 Zürich, Switzerland.
*Corresponding author. E-mail: daniel.kienzler@phys.ethz.ch
(D.K.); jhome@phys.ethz.ch (J.P.H.)

RESEARCH

 o
n 

M
ay

 2
1,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 
 o

n 
M

ay
 2

1,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

M
ay

 2
1,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 
 o

n 
M

ay
 2

1,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


displaced-squeezed, and coherent states. Making
use of engineered spin-motion couplings that are
closely related to those used in the reservoir en-
gineering, we introducemeasurement techniques
that provide simple spin population dynamics,
allowing us to directly verify the coherence of
the states produced and providing a measure of
the fidelity with a high signal-to-noise ratio.
The energy eigenstates of the harmonic oscil-

lator jn〉 form an equally spaced ladder connected
by the action of the creation and annihilation
operators a

ˇ

† and a

ˇ

. Alternative state ladders
exist, in which each state is a superposition of
energy eigenstates. These can be obtained by
applying a unitary transformation, with the re-
sulting states jU

ˇ

,n〉≡U

ˇ

jn〉 (Fig. 1A). The trans-
formed state ladders have their own annihilation
operatorsK

ˇ

, which are related to a

ˇ

byK

ˇ

¼ U

ˇ

a

ˇ

U

ˇ

†

(the same transformation can be performed for
the creation operator). State preparation by
reservoir engineering involves the choice of a
suitable engineered basis for which cooling to
the ground state results in the desired quantum
state jU

ˇ

;0〉. In our experiments, we can cool in
this basis by coupling the oscillator to an ancilla
spin. We use an engineered spin-motion cou-
pling Hamiltonian

H

ˇ

− ¼ ℏWðK

ˇ

s

ˇ

þ þ K

ˇ

†s

ˇ

−Þ ð1Þ

where W is the Rabi frequency and s

ˇ

þ≡j↑〉〈↓j,
s

ˇ

−≡j↓〉〈↑j are spin flip operators. This Hamiltonian

results in transitions between adjacent levels on
the transformed state ladder, correlated with spin
flips. The Hamiltonian dynamics are reversible,
and thus cannot reduce entropy. To produce a
zero-entropy pure state from a general starting
state, dissipation is required, whichwe introduce
by optical pumping of the spin. This pumps the
oscillator down the engineered state ladder into
the desired ground state (Fig. 1B).
We generate Gaussian oscillator states, which are

related to the energetic ground state by combina-
tions of displacements and squeezing of the wave
packet (15). The unitary transformation is then
U

ˇ

¼ S

ˇ

ðxÞD

ˇ

ðaÞ, where S

ˇ

ðxÞ is the squeezing
operator and D

ˇ

ðaÞ is the displacement oper-
ator (16). The resulting annihilation operator
in the engineered basis is K

ˇ

¼ eifðcoshðrÞa

ˇ

þ
eifs sinhðrÞa

ˇ

† − aÞ, where r ¼ jxj and fs ¼ argðxÞ.
The phase factor f plays no role in our experi-
ments and we set it to zero in the rest of this
Report. K

ˇ

contains terms that are linear in the
creation and annihilation operators for the energy
eigenstates, meaning that the Hamiltonian H

ˇ

−
can be implemented by simultaneously applying
a combination of the carrier (H

ˇ

c ¼ ℏWcs

ˇ

þ þ h:c:,
where h.c. is the Hermitian conjugate), red mo-
tional sideband (H

ˇ

rsb ¼ ℏWrsbs

ˇ

þa

ˇ

þ h:c:), and
bluemotional sideband (H

ˇ

bsb ¼ ℏWbsbs

ˇ

þa

ˇ

†þ h:c:)
transitions. Here Wc, Wrsb, and Wbsb are taken to
be complex parameters, containing both the cou-
pling strength and the phase. In our experiments,
theseHamiltonians can be realized simultaneously

by applying amultifrequency laser field, with each
frequency component resonant with one of the
transitions (16). The squeezing is obtained from
the ratio Wbsb=Wrsb ¼ eifs tanhðrÞ, and the dis-
placement from the ratioWc=Wrsb ¼ −a=coshðrÞ.
The experiments workwith a single 40Caþ ion,

which oscillates along a chosen direction with a
frequency close to wz=ð2pÞ= 1.9MHz. At the start
of each experimental run, the ion is initialized by
cooling all motional modes close to the Doppler
limit using laser light resonant with the dipole
transitions at 397 and 866 nm. All coherent ma-
nipulations (including the Hamiltonians used for
reservoir engineering) make use of the quadrupole
transition at 729 nm, isolating a two-state pseudo-
spin system that we identify as j↓〉 ≡ jL ¼ 0, J ¼
1=2,MJ ¼ þ1=2〉 and j↑〉≡jL ¼ 2, J ¼ 5=2,MJ ¼
3=2〉 (17). The Lamb-Dicke factor for our laser
configuration is h ¼ 0:05, which means that the
experiments are well described by the Lamb-
Dicke approximation (18). Optical pumping to
j↓〉 is implemented with a combination of lin-
early polarized light fields at 854, 397, and 866
nm (16). The internal electronic state of the ion is
read out with state-dependent fluorescence (16).
The reservoir engineering is applied directly

after the end of the Doppler cooling. We sub-
sequently probe whether the state of the system
has reached the dark state for the Hamiltonian
H

ˇ

− byoptical pumping into j↓〉, followedby aprobe
pulse using H

ˇ

−. Examples of data for a coherent
(Wbsb ¼ 0) and a squeezed state (Wc ¼ 0) are shown
in Fig. 2. In both cases, the state approaches a steady
state that approximates a dark state of the pump-
ing Hamiltonian. Experimentally, we have im-
plemented two different methods of dissipative
pumping. In the first (used for the coherent state
data), we repeat a “cycle” involving applying H

ˇ

−
for a fixed duration followed by repumping of
the internal state. The secondmethod (used for
the squeezed state data) involves continuous ap-
plication of bothH

ˇ

− and the spin dissipation.We
observe that themotional state pumping is faster
in the continuous case. Thepulsedmethod is easier
to maintain, as it avoids AC-Stark shifts arising
from the repumping laser. It also allows the use
of shaped pulses to produce sideband transitions
while avoiding undesired off-resonant excitation
of the carrier transition (19).
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Fig. 1. Cooling and detection using an engineered state ladder. (A) The operators K

ˇ

, K

ˇ

†
are ladder

operators for the set of basis states U

ˇ

jn〉. (B) A combination of the reversible Hamiltonian H

ˇ

− and internal
state dissipation leads to pumping into the ground state of the engineered basis. (C) State measurement
probes the H

ˇ

+ Hamiltonian, resulting in single-frequency Rabi oscillations if the system is prepared in U

ˇ

j0〉.

Fig. 2. Onset of the
dark state of the
reservoir engineering.
(A) Pulsed preparation
of a coherent state.
Each pulse cycle
consists of applying
H

ˇ

− for 25 ms and then
repumping the spin. (B)
Continuous pumping
into a squeezed state, in
which H

ˇ

− is turned on
simultaneously with
optical pumping of the
spin. The H

ˇ

− analysis
pulse lengths are 80 and 55 ms, respectively. In all figures, the data points are the mean measured spin population based on >300 repetitions of the
experimental sequence, with error bars estimated from quantum projection noise.
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The onset of the dark state indicates that the
desired steady state has been reached. We inde-
pendently verify this state using two methods.
The first is a measurement of the populations of
the energy eigenstates (20), whichwe perform by
pumping the state to j↓〉 after the end of the
reservoir engineering and applying the blue side-
band Hamiltonian. The population of the state
j↓〉 as a function of the blue sideband pulse du-
ration t is given by

Pð↓Þ ¼ 1

2
∑
n
pðnÞð1þ e−gntcosðWn;nþ1tÞÞ ð2Þ

where pðnÞ is the probability of finding the oscil-
lator in the nth energy eigenstate and Wn;nþ1 is

the Rabi frequency for the transition between the
j↓〉jn〉 and j↑〉jnþ 1〉 states, which in the Lamb-
Dicke regime scales as 〈nja

ˇ

jnþ 1〉 ¼ ffiffiffiffiffiffiffiffiffiffiffi

nþ 1
p

(18, 20). The phenomenological decay parameter
gn accounts for decoherence and fluctuations in
the applied laser intensities (16, 20). By fitting a
form similar to Eq. 2 to each set of data, we obtain
the probability distribution pðnÞ (16). We then fit
pðnÞ using the theoretical form of the probability
distributions for coherent, squeezed, and displaced-
squeezed states (21). The data, deduced popula-
tions, and fits are shown in Fig. 3. The fit for the
coherent state yields a coherent state parameter
jaj ¼ 2:00 T 0:01 (error bars here and elsewhere
are given as SEM). For the squeezed state, we

obtain a squeezing amplitude r ¼ 1:45 T 0:03,
which for a pure statewould correspond to a 12.6 T
0.3 dB reduction in the squeezed quadrature var-
iance. For the displaced-squeezed state, we obtain
fitted parameters of r ¼ 0:63 T 0:06, jaj ¼ 2:2 T
0:2, and argðaÞ − fs=2 ¼ 0:42 T 0:06 rad. The
blue sideband method does not allow us to mea-
sure the fidelity of the states, because it does not
verify the phase coherence of the superposition.
It is also difficult to obtain good population
estimates for states with a large spread in their
Fock state occupancies (16). To overcome these
limitations, we introduce a diagnosis method
that provides a Rabi frequency decomposition in
the transformed state ladder that includes the

SCIENCE sciencemag.org 2 JANUARY 2015 • VOL 347 ISSUE 6217 55

Fig. 3. Fock state analysis using a single-frequency blue-sideband probe. All data are fitted using a form similar to Eq. 2 to retrieve the Fock state
populations shown in the inset bar charts. The red curves in the bar charts are fits to the populations using the relevant probability distribution pðnÞ to
determine the size of the states. Data, populations, and fitted distributions are shown for (A) the coherent state (with fitted jaj ¼ 2:00 T 0:01), (B) the
squeezed vacuum state (r ¼ 1:45 T 0:03), and (C) the displaced-squeezed state (jaj ¼ 2:2 T 0:2, r ¼ 0:63 T 0:06 and argðaÞ − fs=2 ¼ 0:42 T 0:06 rad).
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desired state as the ground state. Instead of driving
only the blue sideband, we use the Hamiltonian

H

ˇ

þ ¼ ℏWðK

ˇ

†s

ˇ

þ þ K

ˇ

s

ˇ

−Þ ð3Þ
in which the motional state operators are con-
jugated with respect to H

ˇ

− (Fig. 1C). This results
in Rabi oscillations between the states j↓〉jU

ˇ

;n〉
and j↑〉jU

ˇ

;nþ 1〉. Because the internal states in-
volved span a two-dimensionalHilbert space, the
motional state evolution is also contracted onto
two adjacent states of the engineered basis. For
an arbitrary initial state, the internal state pop-
ulations evolve according to Eq. 2, with the
corresponding p(n) being the probability of
finding the ion in the nth element of the
engineered basis before the application of H

ˇ

þ
[we denote this as pU ðnÞ in the figure to avoid
confusion]. Data sets from this type of mea-
surement are shown for the coherent state and
for the squeezed state in Fig. 4 for the same
settings as used in Figs. 2 and 3. To work in the
same basis as the state engineering, we again
drive combinations of the carrier and red and blue
motional sidebands, but with the ratios of Rabi
frequencies calibrated according to Wc=Wbsb ¼
−a*=coshðrÞ andWrsb=Wbsb ¼ e−ifs tanhðrÞwith x
and a corresponding to the values used for the
reservoir engineering (16).
We fit both experimental data sets with a form

similar to Eq. 2, obtaining the probability of
being found in the ground state of 0:90 T 0:02
and 0:88 T 0:02 for the coherent and squeezed
states, respectively. We take these to be lower
bounds on the fidelity with which these states
were prepared, because these numbers include
errors in the analysis pulse in addition to state-
preparation errors (16). TheH

ˇ

þ Rabi oscillations
observed in our experiments involve transitions
that when viewed in the energy eigenstate basis,
coupleHilbert spaces that are of appreciable size.
To account for 88% of the populations in oscil-
lations between jS

ˇ

ðxÞ; 0〉 and jS

ˇ

ðxÞ; 1〉 for r = 1.45,
we must include energy eigenstates up to n =
26. By our choice of basis, we reduce the rele-
vant dynamics to a two-state system, greatly
simplifying the resulting evolution of the spin
populations and thus providing a high signal-
to-noise ratio. The high fidelity with which the
squeezed state is produced is a result of the
robust nature of the reservoir engineering, which
is insensitive to laser intensity and frequency
fluctuations that are common to all frequency
components of the engineered Hamiltonian. To
generate the same state produced above with
standard methods involving unitary evolution
starting from the ground state would require simul-
taneously driving both second motional side-
bands (16). We would not expect a high fidelity
because these have Rabi frequencies comparable
to our transition linewidth, which is broadened
by magnetic field fluctuations.
This toolbox for generating, protecting, and

measuring quantum harmonic oscillator states
is transferrable to any physical system in which
the relevant couplings can be engineered, facil-
itating quantum computation with continuous
variables (22). Examples in which reservoir en-

gineering have been proposed include super-
conducting circuits and nanomechanics (12–14).
Reservoir engineering provides access to con-
trolled dissipation, which can be used in quantum
simulations of open quantum systems (13, 23).
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Rh-catalyzed C–C bond cleavage by
transfer hydroformylation
Stephen K. Murphy,1,2 Jung-Woo Park,1 Faben A. Cruz,1 Vy M. Dong1*

The dehydroformylation of aldehydes to generate olefins occurs during the biosynthesis of
various sterols, including cholesterol in humans. Here, we implement a synthetic version that
features the transfer of a formyl group and hydride from an aldehyde substrate to a strained
olefin acceptor. A Rhodium (Xantphos)(benzoate) catalyst activates aldehyde carbon-hydrogen
(C–H) bonds with high chemoselectivity to trigger carbon-carbon (C–C) bond cleavage and
generate olefins at low loadings (0.3 to 2 mole percent) and temperatures (22° to 80°C).
This mild protocol can be applied to various natural products and was used to achieve a
three-step synthesis of (+)-yohimbenone. A study of themechanism reveals that the benzoate
counterion acts as a proton shuttle to enable transfer hydroformylation.

T
he cytochrome P450 enzymes have cap-
tured the imagination of chemists who
seek to emulate their reactivity. For exam-
ple, monooxygenases motivated the design
of catalysts that epoxidize olefins and oxi-

dize C–H bonds (1–4). This enzyme superfamily
also includes various demethylases that break C–C
bonds (5). In particular, lanosterol demethylase
converts aldehydes to olefins by dehydroformyl-
ation during the biosynthesis of sterols in bacte-
ria, algae, fungi, plants, and animals (6) (Fig. 1A).
Inspired by this step in biosynthesis, we sought a
transition-metal catalyst for dehydroformylations
in organic synthesis.

To this end, we aimed to trigger C–C bond
cleavage (7–11) by chemoselective activation of
aldehyde C–H bonds using Rh-catalysis (Fig. 1B).
Over the past 50 years, activating aldehyde C–H
bonds with Rh has been thoroughly investigated
(12); however, the resulting acyl-RhIII-hydrides
have been trapped mainly by hydroacylation (13)
or decarbonylation (14, 15). This common inter-
mediate is also implicated in hydroformylation,
which is practiced on an industrial scale using
synthesis gas (16). Thus, we needed a strategy for
diverting the acyl-RhIII-hydride toward dehydro-
formylation. To date, olefins generated by de-
hydroformylation have been observed in low
quantities during decarbonylations (15, 17, 18).
One report describes the use of stoichiometric
Ru for dehydroformylation of butyraldehyde
(19), and another uses heterogeneous Rh or Pd
catalysts for transforming steroidal aldehydes
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